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ABSTRACT
Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder which has
seen an increasing prevalence rate in recent decades. Currently, the diagnostic criteria for the
disorder evaluate a multitude of social communication and interactions, in a variety of contexts,
and restricted or repetitive behavioral patterns (stereotyped movement, resistance to changes in
routines, restricted interests, and hyper- or hypo-reactivity to sensory stimulus). Furthermore,
ASD severity is based upon the marked severity of the above described impairment and they
must also fall within one of three potential categories: 1) symptoms being present in early
development, although potentially not manifested fully; 2) the symptoms causing clinical
impairment in areas of functional necessity (i.e. social, occupation); and/or 3) symptoms are not
“better explained” by an intellectual disability. However, there is currently a large contingent of
movement-related researchers examining the claims made by Leo Kanner when he initially
termed walking patterns in children with ASD as “clumsy” and “uncoordinated” following a
qualitative analysis. Aside from examining walking patterns in children, young adults, and adults
with ASD, research has also focused on a variety of other movements such as reaching and
grasping, postural control and balance, and even hopping which have mostly found that
individuals with ASD exhibit differences in movements relative to peers with typical
development (TD), regardless of the age examined. Furthermore, it has become increasingly
popular among researchers that motor impairments may be a core feature of ASD.

Although there has recently been increased attention from motor-related science examinations in
individuals with ASD, there currently is still a paucity of progressive evidence examining and
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quantifying motor impairments. Therefore, the purposes of this multiple-project dissertation were
to: 1) examine hip, knee, and ankle joint position and vertical and anterior/posterior ground
reaction force symmetry in children with ASD during over-ground walking; 2) quantify changes
in lower extremity gait symmetry mechanics in children with ASD during over-ground walking
while carrying a backpack (BP) filled with 15% of the participants’ body mass (BM) and while
wearing a weight vest (WV) filled with 15% BM, evenly distributed over the trunk; and 3) to
determine the effects of WV and BP carriage on lower extremity coordination in comparison to
baseline, unloaded walking in children with ASD.

To answer the research question posed in the first purpose, ten children, aged 5-12 years, with
clinical diagnoses of ASD, completed 20 walking trials at a self-selected pace while
simultaneous three-dimensional kinematic (movement pattern) and kinetic (force parameters)
data were collected. For this purpose, it was revealed that children with ASD exhibit
asymmetrical lower extremity joint motion throughout the hip, knee, and ankle joints, when
comparing the right and left joints, throughout the entire gait cycle. Additional asymmetries were
found in anterior/posterior ground reaction forces (AP_GRF), while asymmetries existed in
vertical ground reaction forces (vGRF), they were minimal in number. Most importantly, there
was not a consistent pattern of where asymmetries occurred in the gait cycle throughout the
participants, and all participants exhibited highly individualist asymmetries in and among the
limbs and joints. With gait asymmetry being an indicator of gait health, the findings of the
current purpose suggest that children with ASD exhibit gait patterns which may be classified as
pathological, rather than healthy.
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For purpose two, eight male children, aged 5-17 years, with clinical diagnoses of ASD
completed 45 total walking trials in three experimental conditions: 1) walking over-ground
without any added mass, BP, or WV; 2) walking over-ground while wearing a modified WV
filled with 15% BM evenly distributed throughout the vest; and 3) walking over-ground while
wearing a backpack loaded with 15% BM. Conditions 2 and 3 were completed in a
counterbalanced order, ensuring baseline data was not influenced by Conditions 2 and/or 3. In
purpose one, gait velocity was not measured or controlled for due to the heterogeneity previously
observed, however, for purposes two and three, gait velocity was controlled for in post
processing, utilizing trials which fell between ± one standard deviation of their baseline average
gait velocity. It was found that asymmetries still existed in the lower extremity joints with both
the WV and BP conditions, for each child, and when collapsed across the group, with similar
numbers of asymmetries to baseline. However, participants displayed individualized kinematic
symmetry responses to the different load conditions, relative to the baseline condition. For
instance, some participants exhibited greater asymmetry in the WV condition, relative to
baseline, whereas the BP condition invoked lesser asymmetry.

To further build upon the previous two projects, purpose three utilized a higher-order
mathematical concept, continuous relative phase (CRP), to quantify lower extremity coordination
in 10 children with ASD, aged 5-17 years, during unloaded and loaded over-ground walking.
While it has been alluded to throughout the literature that individuals with ASD exhibit
uncoordinated movement, there is a paucity of literature quantifying these claims. Fournier and
colleagues completed a synthesis and meta-analysis on 51 papers all having examined motor
coordination, in a sense. However, many of these studies qualitative measures were utilized to
v

assess coordination whereas CRP is quantitative and objective method to compute coordination
between segments, thus, removing any subjectivity from the analysis and providing quantitative
empirical evidence for or against coordination impairments. Data were collected using identical
methods as purpose two. When examining the group of children with ASD, it was found that
children did not exhibit significantly different coordination patterns between the unloaded and
loaded conditions. To determine if there was an accommodation influence, comparisons were
made between the first and last 10 strides. From this, it was found that minimal differences occur
between and among the various stride blocks.

Due to the individualistic nature of motor presentations of ASD, the third chapter also utilized
single-subject analyses aiming to identify how individuals responded to the weighted conditions.
When collapsing the individual statistical findings across the group, children with ASD exhibit
differences in coordination patterns relative to unloaded walking. However, these differences are
limited in terms of magnitude of meaning due to the limited number of large effect sizes (ES; ES
> 1.2). Nevertheless, the findings from this purpose illustrate that children with ASD do exhibit
different coordination patterns when walking with a BP or WV filled with 15% BM, although
these differences are minor and may not have an influence on the outcome of ambulatory
success. Further examination of the single-subject results illustrated that children with ASD
exhibit more variable gait patterns in the unloaded condition compared to the two loaded
conditions.
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In summary, motor impairments in children with ASD are a vital component needing to be
analyzed to obtain a more comprehensive understanding of the disorder. Through the first two
purposes of this multiple-project dissertation, it has been illustrated that gait asymmetry is a
pervasive metric which offers vital insight into motor characteristics within this population.
Furthermore, the third purpose of this dissertation provided quantitative evidence that children
with ASD, as a group, do not exhibit different coordination patterns, relative to baseline, during
loaded walking. Conversely, when examined at an individual level, children with ASD do
present with different coordination patterns during weighted walking. Furthermore, the findings
of demonstrate that variable coordination patterns are diminished during weighed walking. Even
with the findings of the current dissertation, further research is needed relative to coordination
patterns during movement, and more so into utilizing treatments or interventions aimed at
altering coordination in an effort to understand likely varied response patterns.
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CHAPTER 1
Introduction
Autism Spectrum Disorder (ASD) is a complex neurodevelopmental (Baoi, 2010) disorder with
an increasing prevalence rate, which currently estimates one in 45 children are diagnosed with
the disorder (Zablotsky, Black, Maenner, Schieve, & Blumberg, 2015). To make this statistic
more alarming is the stark increase in prevalence throughout the past two decades, where one in
150 children were diagnosed with the disorder in 2000 (Centers for Disease Control, 2016). ASD
is also more common among boys than girls: one in 42 boys, and 1 in 189 girls are diagnosed
with the disorder (Centers for Disease Control, 2016). Partly due to the large increase in
prevalence rates, ASD has garnered a large amount of research attention across many disciplines
which has expanded the current knowledge on the disorder. Nevertheless, there is one
component of ASD that has largely been omitted from the research until the turn of the century:
motor abilities.

Leo Kanner was the first to describe ASD in 1943 (Kanner, 1943). While his initial conclusion
regarding the cause of ASD was not very accurate, given our current understanding of the
disorder, Kanner did provide accurate characterizations on many traits still utilized in the present
day. One of Kanner’s most interesting claims was that children with ASD also exhibit “clumsy”
and “uncoordinated” gait patterns in conjunction with an inability to prepare motor responses to
stimuli (Kanner, 1943). While many recent studies cite Kanner’s as foundational to our current
knowledge surrounding ASD only in recent years has research begun to explore motor-related
issues stemming from Kanner’s initial description of ASD. Still, his claims regarding walking
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patterns and anticipatory posture responses demonstrate an important area which has largely
been un explored until recently.

While motor-related research on samples of individuals with ASD has become much more
prevalent, findings from these studies have also yielded conflicting reports on the presence of
motor impairments (Dufek, Eggleston, Harry, & Hickman, 2017). While some studies have
concluded that motor impairment is not present in individuals with the disorder (Calhoun,
Longworth, & Chester, 2011; Chester & Calhoun, 2012), an overwhelming number of studies
have concluded that motor impairments are present in the population (Dufek et al., 2017;
Eggleston, Landers, Bates, Nagelhout, & Dufek, 2017; Eggleston, Harry, Hickman, & Dufek,
2017; Forti et al., 2011; Hasan, Jailani, Tahir, Yassin, & Rizman, 2017; Hasan, Jailani, Tahir, &
Ilias, 2017; Hocking & Caeyenberghs, 2017; Kindregan, Gallagher, & Gormley, 2015; Moran,
Foley, Parker, & Weiss, 2013; Weiss, Moran, Parker, & Foley, 2013), with many stating that
motor-impairments may be a core feature of the disorder (Dufek et al., 2017; Kindregan et al.,
2015; Weiss et al., 2013). Because of this, it remains a vital aspect of motor-related research to
discern specific motor variables which may elucidate greater information, although this is
complicated by the interconnectedness of many of the typical comorbidities associated with ASD
(Di Renzo, Bianchi di Castelbianco, Vanadia, Racinaro, & Rea, 2017). While previous literature
has established the presence of motor impairments, there is currently a paucity of literature
which can accurately detail a motor trait specific to individuals with ASD.
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With this in mind, the current dissertation is structured in an effort to begin examining variables
which may lead to the identification of a specific motor-related predictor of ASD. The movement
utilized in the current dissertation is over-ground walking. While walking seems like a simple
movement due to the routine use, it requires precise coordination of the lower extremity
segments to perform this movement. For individuals with ASD, which is accompanied with
neurological impairments (Constantino & Charman, 2016) and a lack of gross and fine motor
skills (Provost, Heimerl, & Lopez, 2007), walking may be a more challenging movement to
complete routinely. Thus, it is vital to further understand nuances of how children with ASD
ambulate throughout the environment. As such, the purposes of this dissertation were to: 1)
examine hip, knee, and ankle angular joint position and ground reaction force symmetry in
children with ASD during over-ground gait throughout the gait cycle; 2) to examine changes in
lower extremity gait symmetry mechanics in children with ASD during over-ground gait while
carrying a backpack filled with 15% of participants’ body mass (BM) and while wearing a
weighted vest (WV) filled with 15% BM; and 3) to determine the effects of BP and WV carriage
on lower extremity coordination in comparison to baseline, unloaded gait in children with ASD.
The findings from these individual studies will provide further description into movement
impairments in children with ASD, and may also provide potential descriptors which can aid in
understanding the disorder from a deeper perspective.
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Significance of the Chapter
There have been many conflicting reports relative to the presentation of motor impairments in
individuals with Autism Spectrum Disorder (ASD). However, contemporary literature has
revealed that individuals, both children and adolescents/young adults, with ASD exhibit
markedly different movement patterns relative to their peers with typical development (TD) in a
variety of movements. One of the most important movements that has been found to be different
between individuals with ASD and their TD peers is over-ground walking. Walking is the
primary means of locomotion through an environment and how an individual interacts with their
surroundings. With the recent findings relative to gait impairments in individuals with ASD, it is
imperative to identify descriptors that may aid in characterizing gait in individuals with ASD.
One such method is examining symmetry of the motion patterns of the lower extremities.

Gait symmetry has been utilized as a descriptor for pathological gait, where large magnitudes of
asymmetry indicate pathology. In healthy human gait, there are minimal magnitudes of
asymmetry which are important adaptive features. Relative to gait symmetry in individuals with
ASD, it has been previously stated that no differences exist between children and ASD and TD
peers. However, this study only examined spatio-temporal characteristics of gait (i.e. stride
length and cadence) and not the mechanical variables which contribute to those outcomes.
Understanding the symmetry of lower extremity joint movement will provide information
relative to the basic synchronization of the contralateral limbs. Likewise, examining symmetry of
linear kinetic variables, such as vertical and anterior/posterior ground reaction forces, will
provide insight into the generation or absorption of force while walking.
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Abstract
Gait symmetry is utilized as an indicator of neurologic function. Healthy gait often exhibits
minimal asymmetries, while pathological gait exhibits exaggerated asymmetries. The purpose of
this study was to examine symmetry of mechanical gait parameters during over-ground walking
in children with Autism Spectrum Disorder (ASD). Kinematic and kinetic data were obtained
from 10 children (aged 5-12 years) with ASD. The Model Statistic procedure (α=0.05) was used
to compare gait related parameters between limbs. Analysis revealed children with ASD exhibit
significant lower extremity joint position and ground reaction force asymmetries throughout the
gait cycle. The observed asymmetries were unique for each subject. These data do not support
previous research relative to gait symmetry in children with ASD. Many individuals with ASD
do not receive physical therapy interventions, however, precision medicine based interventions
emphasizing lower extremity asymmetries may improve gait function and improve performance
during activities of daily living.
Keywords: Biomechanics, Gait, Kinematics, Kinetics, Locomotion.
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Introduction
It is well documented that individuals with Autism Spectrum Disorder (ASD) exhibit
movement dysfunction [1,2], including gait [3-6], postural control [7,8], and reaching and
grasping tasks [9]. Although ASD is typically characterized by movement stereotypy and social
and communicative deficiencies, ASD may manifest initially as a movement disorder rather than
a mental disorder [4,9,10], as described in the Diagnostic Statistical Manual of Mental Disorders
(DSM-5®) [11]. As such, contemporary movement science research has begun to emphasize
movement patterns and certain movement qualities of individuals with ASD. Previous
examinations have investigated the effects of ASD on the gait patterns in children [3,5,12-15]
and adults [6] in addition to postural control [7,16] and motor milestone development [1,2]
suggesting motoric dysfunction are a root symptom of the disorder [10,17,18].
Currently, there is a paucity of research examining symmetry of the lower extremities
during movement in individuals with ASD [13,19-21]. Within these studies, there are
inconclusive findings on the occurrence of asymmetrical movement patterns in individuals with
ASD. As such, it is important to examine angular joint position asymmetries, since previous
investigations examined spatio-temporal aspects (cadence, step and stride lengths), during
walking. A deeper understanding of inter-limb movement symmetry in individuals with ASD
may demonstrate the individualistic neurological and physical manifestations of ASD [13]. Gait
symmetry has long been a valuable indicator of gait function in pathological and healthy
populations [22]. An increased presence of mechanical asymmetry could represent lower gait
function in individuals with ASD, and have implications on various gait characteristics [13].
Such a finding may further support previous conclusions that movement analysis may provide
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vital insight into movement behaviors typically associated with ASD. These findings may also
aid in identifying typical movement related characteristics associated with the disorder [9].
Previous studies used traditional gait symmetry indices, such those utilized by Herzog
and colleagues [23], to examine symmetry in temporal characteristics among ASD populations
[13]. However, these indices only compute a ratio index at discrete gait events [23] and may not
be robust enough to elucidate potentially meaningful asymmetries. The point-to-point analysis
used in this study will allow for data across the gait cycle to be examined and not simply discrete
time points. Thus, the purpose of this study was to examine hip, knee, and ankle joint position
and vertical and anterior/posterior ground reaction force (vGRF and AP_GRF, respectively)
symmetry in children with ASD throughout the gait cycle. Coupled with our previous findings
[5] and the previous utilization of gait symmetry indices at discrete gait events [13,23], it was
hypothesized that each subject would exhibit statistically significant asymmetries in all lower
extremity joint positions, vGRF and AP_GRF throughout the entire gait cycle. It was also
hypothesized that these asymmetries would be unique to each subject, consistent with
contemporary literature on this population. Should our hypothesis be supported by the data, a
stronger case may then be made to include motoric elements within diagnostic criteria, which is
further supported by contemporary research [4,5,24,25].
Methods
Participants
Ten children (aged 5-12 years; 6 males, 4 females) with medical diagnoses of ASD were
recruited for participation in this study. All parents verbally confirmed diagnoses. No additional
screening was performed to determine enrollment eligibility due to the diagnostic criteria
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established within the DSM (4th and 5th editions). Prior to completing any laboratory activities,
parental consent and child assent were obtained via institutionally approved documentation
(#710824). Subject anthropometrics are presented in Table 1.
Table 1. Subject Anthropometrics
Subject
Height (m)
Mass (kg)
1
1.70
68.04
2
1.57
43.50
3
1.65
56.25
4
1.17
29.48
5
1.46
38.55
6
1.14
21.77
7
1.09
17.69
8
1.60
51.56
9
1.32
28.12
10
1.28
20.41

Gender
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male

Instrumentation
An eight-camera motion capture system (120 Hz, Vicon Motion Systems Ltd., Oxford,
UK) was used to obtain three-dimensional kinematic data. Simultaneous three-dimensional force
data were collected with one Kistler (480 Hz; Kistler Instrument Corp., Amherst, NY, USA) and
two AMTI (480 Hz; Advanced Mechanical Technology, Inc., Watertown, MA, USA) force
platforms that were mounted flush with the floor.
Procedures
Nineteen retro-reflective markers were placed bilaterally at the following anatomical
locations: base of the second toe, base of the fifth metatarsal, calcaneus, medial and lateral
malleoli, medial and lateral knee joint line, anterior superior iliac spine, and posterior superior
iliac spine. An additional marker was placed on the sacrum to aid in tracking pelvic movement.
Four three-marker clusters were placed bilaterally on the lateral aspect, mid-segment on the
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thighs and legs. Following static calibrations, participants performed 20 walking trials through a
3.6 cubic meter capture volume at a self-selected velocity. Participants were instructed to walk as
normally as possible, and reminders to do so were given when necessary. Walking velocity was
not directly monitored due to the unique qualities of gait patterns in children with ASD [12].
Data Analysis
All kinematic (hip, knee, and ankle joint positions) and kinetic (vGRF and AP_GRF
profiles) variables were computed in the Visual 3D biomechanical software suite (C-Motion,
Inc., Germantown, MD, USA). Marker trajectories and force data were filtered with low-pass
Butterworth digital filters at cutoff frequencies of 6 Hz and 25 Hz, respectively. Data were then
exported to GNU Octave for further analysis with custom code. Twenty trials from each
participant were analyzed. Each trial had at least one complete foot strike on one of the force
platforms. All data were then normalized to 100% (101 data points) of the gait cycle.
Statistical Analysis
Mean ensemble curves were computed bilaterally for each variable of interest. A pointby-point procedure utilizing the Model Statistic technique (α= 0.05) was used to test for
statistical significance between the left and right lower extremity joint positions throughout the
entire gait cycle [26]. Statistical tests were performed on an individual basis due to the unique
characteristics previously found in gait patterns of children with ASD [5]. This procedure was
utilized to expose any asymmetries that may occur throughout the gait cycle. The gait cycle was
divided into seven sub-phases, similar to Perry and colleagues (2001). The sub-phases, examined
as a percentage of the complete gait cycle, are as follows: loading response (1-10%), mid-stance
(11-30%), terminal stance (31-50%), pre-swing (51-60%), initial swing (61-73%), mid-swing
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(74-87%), and terminal swing (88-100%); percentages refer to the percentage of the gait cycle.
Dividing the gait cycle into sub-phases allowed for a more finite analysis to determine where
potential asymmetries occurred. GRF data were normalized to 101 data points and were
examined as a percentage of the stance phase since force is only generated when the foot is in
contact with the ground. Effect sizes (ES) were computed on a point-by-point basis as a
percentage of the gait cycle (101 points), similar to joint positions and GRF data. ES values were
computed as the ratio of the mean difference of the left and right limbs divided by the pooled
variance [27].
Results
The Model Statistic procedure revealed statistically significant asymmetries (α < 0.05) in
sagittal plane joint positions of the hip, knee, and ankle joints within the gait cycle. Figure 1
presents the percentages of significant differences detected at each sub-phase of the gait cycle
collapsed across all subjects. Table 2 illustrates the unique characteristics each subject exhibited

Percentage of Significant
Differences

in sagittal plane hip, knee, and ankle joint positions.

Lower Extremity Joint Position Symmetry
100
80
60
40
20
0
Loading
Reponse

Mid-stance

Terminal
stance
Ankle

Pre-swing
Knee

Initial Swing

Mid-swing

Terminal
swing

Hip

Figure 1. Mean + one standard deviation of the percentage of significant differences of
asymmetry observed between the right and left lower extremity hip, knee, and ankle joint
positions collapsed across 10 subjects during the gait sub-phases
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Table 2. Percentage of Significantly Asymmetrical Differences Observed for the Hip,
Knee and Ankle Positions by Gait Sub-phases
Hip
Participant
1
2
3
4
5
6
7
8
9
10
Sub-phase
Mean
Knee
Participant
1
2
3
4
5
6
7
8
9
10
Sub-phase
Mean
Ankle
Participant
1
2
3
4
5
6
7
8
9
10
Sub-phase
Mean

Loading
Response

Mid
Stance

Terminal
Stance

PreSwing

Initial
Swing

Mid
Swing

Terminal
Swing

Participant
Mean

0%
0%
100%
100%
0%
0%
0%
30.0%
100%
100%
43.0%

10.0%
75.0%
25.0%
25.0%
0%
0%
15.0%
0%
100%
100%
35.0%

95.0%
100%
60.0%
100%
0%
0%
100%
0%
100%
20.0%
57.5%

0%
100%
100%
100%
0%
40.0%
100%
80.0%
100%
0%
62.0%

7.80%
100%
100%
30.8%
0%
38.5%
38.5%
7.80%
100%
0%
42.3%

85.7%
50.0%
100%
21.4%
85.7%
0%
0%
57.1%
100%
95.9%
59.6%

38.5%
15.4%
100%
69.2%
100%
0%
0%
100%
100%
100%
62.3%

33.9%
62.9%
83.6%
63.8%
26.5%
11.2%
36.2%
39.3%
100%
59.4%

Loading
Response

Mid
Stance

Terminal
Stance

PreSwing

Initial
Swing

Mid
Swing

Terminal
Swing

Participant
Mean

100%
100%
100%
100%
0%
0%
0%
50.0%
80.0%
40.0%
57.0%

100%
100%
100%
100%
0%
0%
0%
0%
55.0%
20.0%
47.5%

100%
100%
100%
100%
30.0%
25.0%
0%
80.0%
100%
65.0%
70.0%

30.0%
100%
100%
100%
40.0%
100%
0%
0%
70.0%
0%
54.0%

61.5%
100%
100%
100%
0%
61.5%
0%
23.1%
100%
38.5%
58.5%

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

92.3%
38.5%
100%
100%
0%
61.5%
0%
100%
100%
100%
69.2%

83.4%
91.2%
100%
100%
24.3%
49.7%
14.3%
50.4%
86.4%
51.9%

Loading
Response

Mid
Stance

Terminal
Stance

PreSwing

Initial
Swing

Mid
Swing

Terminal
Swing

Participant
Mean

60.0%
100%
60.0%
100%
0%
0%
60.0%
80.0%
100%
80.0%
64.0%

100%
100%
80.0%
100%
10.0%
0%
0%
10.0%
20.0%
100%
58.0%

100%
100%
0%
100%
90.0%
0%
35.0%
0%
35.0%
100%
56.0%

90.0%
10.0%
20.0%
100%
0%
0%
10.0%
60.0%
60.0%
40.0%
39.0%

0%
15.4%
100%
100%
0%
53.9%
69.0%
38.0%
100%
100%
57.6%

21.4%
100%
85.7%
100%
0%
43.0%
0%
71.4%
100%
64.3%
58.7%

53.9%
100%
0%
100%
0%
0%
38.5%
100%
100%
0%
49.2%

60.8%
75.1%
49.4%
100%
14.3%
13.8%
30.4%
51.3%
73.6%
69.2%
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Note: Percentage of hip (top), knee (middle), and ankle (bottom) joint position differences between the
right and left lower extremities during each sub-phase of the gait cycle. A greater percentage of
significant differences (α< 0.05) represents more points of asymmetry per sub-phase.

Collapsed across all subjects, 39% of the significant differences observed in hip joint
position, with 53% of knee joint position differences, and 45% of ankle position differences had
a large ES. Table 3 displays the ES values across the gait cycle with the individual sub-phases
for the hip, knee, and ankle.
Table 3. Large Effect Sizes for Hip, Knee, and Ankle Joint Positions
Loading
MidTerminal
PreInitial
MidTerminal Joint
Response stance
Stance
swing
Swing
swing
Swing
Mean
Hip
39.0%
27.5%
38.5%
53.0%
33.1%
47.9%
47.7%
41.0%
Knee
41.0%
44.0%
58.0%
38.0%
50.0%
67.1%
59.2%
51.0%
Ankle
57.0%
47.5%
40.0%
32.0%
43.9%
51.4%
43.9%
45.1%
Sub-phase
45.7%
39.7%
45.5%
41.0% 42.3% 55.5%
50.3%
Mean
Note: Percentage of hip, knee, and ankle joint position effect sizes (ES ≥ 0.8) between the right
left lower extremities during each sub-phase of the gait cycle. Percentage refers to the amount of
large ES per phase divided by the total number of data points per phase.

Further analysis revealed that few statistically significant differences (α < 0.05) were
present for vGRF and AP_GRF. These data were also divided into sub-phases of the stance
phase as described above. Figure 2 displays the percentages of significant differences between
the left and right leg vGRF and AP_GRF forces. ES values for vGRF and AP_GRF were also
calculated as a percentage of the stance phase; however, no large ES were observed.
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Percent of Signifanct
Differences

Ground Reaction Force Symmetry
70
60
50
40
30
20
10
0
Loading Reponse

Mid-stance
Vertical

Terminal stance

Pre-swing

Anterior/Posterior

Figure 2. Mean + one standard deviation of the percentage of significant differences of
asymmetry observed between the right and left vertical and anterior/posterior ground reaction
forces collapsed across 10 subjects during the gait sub-phases

Discussion
The purpose of this study was to examine hip, knee, and ankle joint position and vGRF
and AP_GRF symmetry in children with ASD across the gait cycle. Our analysis revealed
statistically significant asymmetries in hip, knee, and ankle joint positions throughout the gait
cycle. These asymmetries were also unique to each subject. The current analysis revealed that no
patterns exist in and among the sub-phases, yet this technique has the ability to identify
problematic areas of the gait cycle. These results are not supported by previous findings, which
concluded that children with ASD do not exhibit asymmetries during normal over-ground
walking [13]. The findings from this study support the growing body of literature stating that
ASD primarily presents as a movement disorder, and also the unique movement patterns each
child with ASD exhibits [4,5,28,29].
The current diagnostic criteria for ASD are documented in the DSM-5[11], and do not
include movement quality signs as factors in diagnosing ASD. However, with the findings of
contemporary literature, clinicians tasked with diagnosing ASD may be omitting an important
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element of the disorder, which could contribute to delayed or inaccurate diagnoses [30].
Collectively, these findings support the need for the inclusion of movement quality during
diagnoses. Additionally, movement analysis allows for an objective quantification of symptoms,
which currently does not occur in typical diagnoses.
Although the percentages of significant GRF differences were small, this outcome was
expected for the vGRF data due to the vertical acceleration due to gravity. The greater
percentages of AP_GRF differences (relative to vGRF) could be due to the differences observed
in the joint positions of the hip, knee, and ankle joints. It is also possible that the greater number
of AP_GRF differences were also due to varied stride velocities between the left and right limbs.
If right and left limb stride velocities were significantly different, it may alter the lower extremity
joint contributions to anterior-posterior propulsive and braking force attenuation, while the vGRF
differences were derived primarily from gravity. However, supplementary analyses on stride
velocity determined that the average stride velocity across participants for the left and right
strides were not significantly different (1.263 m/s ± 0.225 m/s, left strides; 1.259 m/s ± 0.226
m/s, right strides; p > 0.05). This analysis suggests that asymmetrical stride velocities did not
influence the AP_GRF data. Walking patterns such as toe walking, or crouch-like walking
(excessive knee flexion at foot contact) may have caused the differences seen in the AP_GRFs
due to the mechanical attenuation of the force. As seen from Table 2, many of the participants
had significantly different mechanical interactions of the foot contacting the ground, which will
then lead to forces being absorbed and attenuation inconsistently. As such, it may be more
important to examine inter-segmental control, as opposed to GRF profiles for individuals with
ASD, which is supported by the lack of large ES observed in these data.
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Although asymmetry within human gait is not entirely detrimental, the amount of
asymmetry present in children with ASD could be problematic, if the patterns continues into
adulthood. When asymmetry is present, one extremity will be compensating for the diminished
role of the contralateral extremity [31]. If significant asymmetry occurs over a long period of
time, there may be an increased likelihood of experiencing a gait-related injury, as seen in
individuals who are post stroke [32,33]. The compensatory patterns and resiliency of the human
body may not be enough to maintain efficient pain-free function in the face of long-term
misalignment or muscle imbalances.
For optimal functioning, human gait requires proper coordination of the lower extremity
segments [34,35]. However, even in healthy human gait, there are subtle asymmetries that exist
to aid in the adaptation of changing walking environments [36]. As previously mentioned,
children with ASD exhibit unique kinematic and kinetic gait characteristics when compared to
peers with typical development [5]. This finding alludes to the notion that ASD permeates the
neurologic functioning of individuals with ASD, effecting motor development and the execution
of skilled movements. With irregular neurologic function, individuals with ASD may display
pathological gait [23], allowing asymmetries to become more exaggerated [36] in comparison to
individuals with a healthy gait pattern.
For clinicians serving individuals with ASD, the current findings suggest that motor
development and movement patterns, in general, should be part of the diagnostic process.
Further, interventions may need to emphasize how individual limbs function during movement
and how the interactions of right and left limb functions compared to one another. It is important
for clinicians to strive for more consistent patterns of symmetry between the limbs during
functional movements since gait asymmetries may indicate a lack of coordination as well as
19

compensatory patterns [13]. In doing so, children with ASD may exhibit improved coordination,
consistency of their gait patterns and decrease the risk of overuse or compensatory injury caused
by chronic asymmetrical movement patterns.
Conclusions
In conclusion, our findings do not support previous literature documenting symmetric
gait in children with ASD [13]. Instead, our findings suggest that children with ASD exhibit
asymmetries during over-ground gait in sagittal plane hip, knee, and ankle joint positions.
Asymmetries were also observed in the vertical and anterior/posterior GRF profiles. However,
the percentages of observed differences in GRF were much less than the percentages observed at
the joint positions. This may indicate that segmental control is more important than the
propulsive and braking abilities. Gait asymmetry can be used as an indicator of the health of the
neurological system, and greater magnitudes of asymmetry have been associated with
pathological gait. As such, it may be important to utilize an analysis method similar to the one
used in the current study, when investigating the neurologic health of individuals who have been
diagnosed with ASD. However, previous gait symmetry studies examined specific events of
walking (i.e., maximum force value during heel strike) as opposed to the entire gait cycle.
Typical gait indices [13,23] may not be robust enough to clearly define the temporal nature of
asymmetries, masking potential dysfunctions that could be addressed through intervention. The
current procedure allowed for asymmetries to be observed throughout the gait cycle and to
further understand at which sub-phase asymmetries occurred. These findings could allow
clinicians and researchers to obtain a more finite understanding of the manner in which children
with ASD perform activities of daily living, such as over-ground walking.
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Significance of the Chapter
In the previous chapter, it was determined that children with ASD exhibit highly asymmetrical
movement in the lower extremity joint angular positions and anterior/posterior ground reaction
forces. While asymmetrical walking mechanics are not overtly detrimental, there is a possibility
that, when faced with a perturbation, the large number of asymmetries present may cause an
adverse event. As such, it is vital to understand how perturbations influence lower extremity joint
symmetry in children with ASD when they are faced with routine perturbations during walking,
such as carrying a heavy backpack or weighted vest.

Carrying heavily loaded backpacks (BPs) is routine for school-aged children, where BP loads
can reach 20% or greater of body mass (BM). It has been found that children with TD begin to
experience changes in their walking pattern once loads reach 10-15% BM and can lead to severe
backpack. Additionally, carrying heavy items long-term can lead to severe back pain.
Furthermore, weighted vests (WV) are a common treatment modality in physical and
occupational therapies for children with ASD, which have been shown to increase on-task
behaviors. Although WVs are prescribed with regularity, there is limited research on
standardized protocols or their true effectiveness. Regardless, with ASD being a
neurodevelopmental disorder, there is a possibility that individuals with the disorder cannot
adapt during walking to the added mass in either a situation.

While BP and WV carriage are routine for individuals with ASD, there is no empirically based
literature examining their influence on walking abilities. Due to the unknown influence, it is
possible that one or both perturbations may improve walking ability. Conversely, either of the
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perturbations may also decrease walking ability by increasing asymmetrical motion between the
lower extremities. Furthermore, the current chapter provides the vital opportunity in which the
findings from the current study provide insight into how individuals with ASD respond to these
routine perturbations. Having this knowledge will be crucial as research on ASD advances, and
the current study, which examines motor output, will allow for an explicit and overt response to
patterns observed.
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Abstract
Background: Many children with Autism Spectrum Disorder (ASD) are school-aged and
typically carry a backpack. It is important to understand how this task affects walking. Weighted
vests (WVs) often prescribed to mitigate behavioral effects of ASD. The effects of backpack and
WV walking have not been examined in children with ASD. Aims: To quantify differences in
lower extremity mechanics in children with ASD during WV and backpack walking. Methods:
Participants completed 15 trials in three conditions: body mass, and carrying or wearing a
backpack or WV with 15% added body mass. Three-dimensional kinematic data were collected
and normalized to 100% of the gait cycle. The Model Statistic was utilized to test for bilateral
asymmetries between the lower extremity joints at all points along the gait cycle. Results:
Analysis revealed similar numbers of significant asymmetries in hip (71.0, 70.4, 60.6), knee
(68.4, 71.5, 74.6), and ankle (64.1, 68.9, 68.4) for unloaded, backpack, and WV, respectively.
Conclusion: Participants exhibited individualized kinematic symmetry-responses to the loaded
conditions compared to the unloaded condition. These findings suggest that 15% body mass
backpack or WV does not affect gait symmetry in children with ASD.
Key words: Autism Spectrum Disorder; Backpacks; Load Carriage; Locomotion; Pediatrics;
Weighted Vests.

What this paper adds?
Movement dysfunction in children with ASD has become a recent focal point of movementrelated research, partly due to the rising prevalence rate of the disorder. Previous research has
provided evidence suggesting that children with ASD exhibit statistically significant different
walking mechanics compared to peers with typical development. However, there currently is a
paucity of research examining the effects of perturbations (e.g. carrying a backpack or wearing a
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weighted vest [WV]) on walking mechanics. Due to the routine nature of carrying a backpack
and the prevalence of WV prescriptions for children in this population, it is important to quantify
any negative effects of either perturbation during walking. As such, the aim of the current study
was to quantify difference in lower extremity joint position symmetries in children with ASD
during WV and backpack walking. Participants completed 15 trials in each of three conditions:
1) walking without a load (baseline); 2) walking while wearing a backpack filled with 15% body
mass; and 3) walking while wearing a WV filled with 15% body mass, evenly distributed. The
current study revealed that backpack and WV walking does not influence walking in children
with ASD, as similar numbers of significant asymmetries were found across all conditions for
each joint. However, children with ASD exhibited individualized responses to both the backpack
and WV with varying numbers of asymmetries throughout the gait cycle, indicating that children
with ASD may inherently select various strategies to accommodate the added load based on the
individual neurological manifestation of the disorder.
Highlights
•
•
•

Children with ASD exhibit asymmetries in unloaded and loaded walking
Children with ASD exhibit individual kinematic responses between loaded conditions.
Gait in children with ASD is not influenced when carrying backpacks or weight vests.
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1. Introduction
Autism Spectrum Disorder (ASD) has been one of the most prevalent neurological disorders in
recent years in the United States (Mache & Todd, 2016; Zablotsky, Black, Maenner, Schieve, &
Blumberg, 2015). Recently, ASD has been estimated to have a prevalence rate of 1 in 45
children (Zablotsky et al., 2015), which is a stark increase from the 1 in 68 children cited in 2010
(Baoi, 2010). While ASD is traditionally characterized by deficits in social and communicative
skills (Baoi, 2010), there has been a recent growth in literature regarding movement abilities in
children with ASD (Dufek, Eggleston, Harry, & Hickman, 2017; Hasan, Jailani, Tahir, Yassin, &
Rizman, 2017; C. Hasan, Jailani, Tahir, & Ilias, 2017; Kindregan, Gallagher, & Gormley, 2015;
Mari, Castiello, Marks, Marraffa, & Prior, 2003; Moran, Foley, Parker, & Weiss, 2013; Weiss,
Moran, Parker, & Foley, 2013). In 1943, Leo Kanner initially described gait patterns in children
with ASD as “clumsy” or “uncoordinated” (Kanner, 1943), yet, few researchers examined
movement patterns and abilities in children with ASD until recent decades. Currently, there is
evidence that supports movement dysfunction as a core symptom in children with ASD in
regards to walking gait (Dufek et al., 2017; Eggleston, Harry, Hickman, & Dufek, 2017;
Kindregan et al., 2015), fine and gross motor skills (Provost, Lopez, & Heimerl, 2007; Provost,
Heimerl, & Lopez, 2007), postural control (Minshew, Sung, Jones, & Furman, 2004), and even
reaching and grasping tasks (Mari et al., 2003). However, there is still little known how routine
activities like carrying a backpack filled with school supplies, or how prescribed therapeutic
modalities like wearing a weighted vest (Taylor, 2015), influence walking mechanics and
movement abilities.
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More than 2.5 million children carry a backpack five-days per week throughout a school year
(Rai & Agarwal, 2014). When backpacks loads exceed 10-15% of body mass (BM), significant
movement alterations such as increases in forward trunk lean (Kim, Kim, & Oh, 2015), and step
and stride length (Cottalorda et al., 2003) have been observed in children with typical
development (TD). Over time, these changes can lead to severe back pain (Troussier, Davoine,
de Gaudemaris, Fauconnier, & Phelip, 1994), which degrades children’s quality of life. As such,
it has been suggested that backpack loads not exceed 10-15% of BM for all children (Kim et al.,
2015; Kistner, Fiebert, Roach, & Moore, 2013). Still, average backpack loads for school-aged
children ranged higher than the recommendation, revealing a musculoskeletal health concern
regarding long-term load carriage of excessively weighted backpacks (Pascoe, Pascoe, Wang,
Shim, & Kim, 1997). However, no such recommendations, or knowledge of their influence, exist
on children with neurological disorders, such as ASD.

A tool that is used frequently in therapeutic settings on children with ASD is a weighted vest
(WV). WVs are used to reduce the negative effects of ASD such as movement stereotypy
(Fertel-Daly, Bedell, & Hinojosa, 2001) and to improve focus with tasks (Fertel-Daly et al.,
2001; Morrison, 2007; VandenBerg, 2001). It has been reported that when a child with ASD
wears a WV, a deep pressure is felt by the child which may promote increased release of
serotonin and dopamine (VandenBerg, 2001) as well as reducing ‘purposeless movements’
(Kane, Luiselli, Dearborn, & Young, 2004; Olson & Moulton, 2004; Stephenson & Carter, 2009;
Taylor, 2015). However, there is also a body of literature that has found no improvements with
WV utilization and suggests that these conflicting findings may be due to non-standardized
protocols (Leew, Stein, & Gibbard, 2010; Reichow, Barton, Sewell, Good, & Wolery, 2009) and
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insufficient knowledge on how to properly use WVs (Reichow et al., 2009). Still, with the wide
usage of WVs on children with ASD, it is important to understand if, and the mechanisms of
why, movement abilities, specifically over-ground walking, are affected by walking while
wearing a WV.

To date, no studies have examined the effects of carrying a backpack or wearing a WV on the
symmetry of lower extremity gait parameters in children with ASD. As such, the purpose of this
study was to examine changes in lower extremity gait symmetry mechanics in children with
ASD during over-ground walking while carrying a backpack filled with 15% of the participant’s
BM and while wearing a WV filled with 15% BM, evenly distributed over the trunk. We
hypothesized that gait mechanics would be more symmetrical when walking with a WV in
comparison to walking while carrying a backpack which is partially due to the even distribution
of mass in the WV condition versus the backpack. Additionally, because WVs have been shown
to produce a calming effect while being worn during other tasks, logically, they may help
improve gait asymmetries. However, there is a high probability that children with ASD may
exhibit individualistic kinematic responses due to the spectral nature of, and comorbidities
typically associated with ASD (Constantino & Charman, 2016); similar to the Newtonian
responses observed in previous literature (James, Bates, & Dufek, 2003; Nordin, Dufek, James,
& Bates, 2016). However, the findings of this study are still important due to the routine nature
of walking while carrying a backpack and the prevalence of WV being prescribed as treatment
modalities to children with ASD.
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2. Methods
2.1. Participants
Male and female children with clinical diagnoses of ASD were recruited for participation in the
current study. However, only eight male children with clinical diagnoses of ASD participated in
this study (11.6±4.5 yrs old, 1.45±0.25m, 55.3±26.2kg). Sample size was determined via an a
priori power analysis (G*Power 3.1; Dusseldorf, Germany) using the ankle data from Ozgul and
colleagues (Ozgül et al., 2012) with a power (1 – β) of 0.99, and a significance level (α) of 0.05,
a sample size of seven participants was deemed large enough to provide adequate statistical
power. However, since we utilized a single-subject study design, where the total number of
observations per parameter has greater importance than the number of participants, the sample
size may not be as important (Bates, Dufek, James, Harry, & Eggleston, 2016). To be included in
the study, participants were required to have an ASD diagnosis from a medical professional,
which was verbally confirmed by a parent, and were required to be able to walk while carrying
up to 15% BM in a weighted vest or backpack. Prior to completing any laboratory activities,
parental consent and child assent were obtained on institutionally approved documentation
(protocol number 905727-10) and in accordance with the declaration of Helsinki.
2.2. Procedures
Participants completed all activities in a single laboratory session. Anthropometric data (age,
height, mass) were measured and recorded. Single reflective markers were adhered to
participants at the following anatomical locations: superior aspect of the sternum, C7 vertebra,
right and left acromion processes, and sacrum. Additional markers were adhered bilaterally on
the anterior superior iliac spines, posterior superior iliac spines, iliac crests, medial and lateral
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femoral condyles, medial and lateral malleoli, and base of the second toes. Additionally, four
four-marker clusters were placed on the lateral aspect, mid-segment on the thighs and legs, with
three-marker clusters being placed bilaterally on the calcaneus. Three-dimensional motion
capture data were obtained using a 10-camera motion capture system (200 Hz; Vicon Motion
Systems, Ltd., Oxford, UK).

Participants were asked to walk over-ground during three experimental conditions, completing
15 trials in each condition, 45 trials total: 1) over-ground walking with no added mass, backpack,
or WV; 2) walking over-ground while wearing a modified weighted vest (MiR Vest, Inc., San
Jose, CA, USA) with 15% BM evenly distributed; and 3) walking over-ground while wearing a
backpack loaded with 15% BM. The weighted conditions (2 and 3) were completed in a
counterbalanced order, with condition 1 occurring initially to ensure the data obtained were not
influenced by a previous load. Due to the heterogeneity of ASD, and the potential for varying
walking velocities (Calhoun, Longworth, & Chester, 2011), walking velocity was monitored in
post-processing by only analyzing trials which fell between ± one standard deviation of their
baseline (unloaded condition) average velocity. Participants were asked to walk a straight-line
distance of approximately nine meters. The first and last two meters of the walking distance were
excluded, allowing for participants to reach a stable walking pattern (nonaccelerating/decelerating). Parents were asked to not be involved with the child during testing to
minimize interactions and not to provide additional instruction regarding performance during
testing.
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2.3. Data Analysis
Raw kinematic data were exported to Visual3D Biomechanical Software Suite (C-Motion, Inc.,
Germantown, MD, USA). Initially, data were smoothed with a low-pass digital Butterworth filter
with a cutoff frequency of 6 Hz, and then lower extremity joint positions (hip, knee, and ankle)
were computed. Of the 15 trials recorded for each condition, data were further reduced to left and
right strides so data could be normalized to 100% of the gait stride (101 data points). Data were
then exported to Gnu Octave (version 4.0.3) for further analysis using custom code.
2.4. Statistical Analysis
Mean ensemble time-histories were computed bilaterally for each variable of interest. A pointby-point symmetry analysis procedure (Eggleston et al., 2017), using the Model Statistic
technique (α = 0.05), was utilized to test for statistical significance between the left and right
lower extremity joint positions throughout the entire gait cycle for each of the three experimental
conditions. This test results in a number of significant differences, that, when collapsed across
participants, would reveal which experimental condition had a greater influence on walking
mechanics in comparison to the baseline condition.

3. Results
The analysis revealed that children with ASD exhibited similar numbers of asymmetrical
differences in lower extremity joint (hip, knee, and ankle) movement when walking while
carrying a backpack and WV filled with 15% BM in comparison to the unloaded condition
(Figure 1).

35

Percentage of Signifant Differences

100
80
60
40
20
0
Hip

Knee
Unloaded

Backpack

Ankle
Weighted Vest

Figure 1. Note: All differences are percentages of the number of significant (p < 0.05)
differences (out of 101), collapsed across all participants, plus one standard deviation.
3.1. Unloaded Condition
For the unloaded condition, when collapsed across all participants, and computed as a percentage
of the total number of significant differences (out of 101 possible), there were on average
71.0±29.7, 68.4±19.5, and 64.1±19.7 significant differences at the hip, knee, and ankle,
respectively. In further support of the heterogeneity of movement abilities in children with ASD,
during the unloaded condition, the number of significant differences at the lower extremity joint
positions ranged from 0 to 94, 59 to 89, and 27 to 92, for the hip, knee, and ankle joints,
respectively.
3.2. Weighted Conditions
During the loaded backpack condition, the number of statistically significant differences at the
hip, knee, and ankle were 70.4±25.8 (ranging between 32 and 101), 71.5±26.1 (19 to 99 range),
and 68.9±19.4 (43 to 101 range), respectively. For the WV, the number of statistically significant
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differences at the hip, knee, and ankle were 60.6±31.8 (0 to 101 range), 74.6±14.7 (54 to 95
range), and 68.4±21.5 (37 to 101 range), respectively.

Due to the highly probable individualistic Newtonian responses to the load, the directionality
(i.e. the decreasing or increasing) of asymmetry changes due to the perturbations were unclear.
Figure 2 depicts the individualized lower extremity joint position responses of two exemplar
children with ASD. These depictions do not represent the mechanisms every child employed,
however, these images do illustrate that when placed under the same load conditions, children
with ASD inherently choose various kinematic strategies to accommodate the load. Table 1
displays the individual joint kinematic responses for both weighed conditions.
Table 1. Asymmetry Differences from Baseline between Backpack and Weighted Vests
Load Conditions
Hip
Knee
Ankle
Participant
Backpack
WV
Backpack
WV
Backpack
WV
ASD #1
-54
-51
33
-3
9
9
ASD #2
1
10
-14
-1
9
34
ASD #3
-7
-19
-8
-7
16
16
ASD #4
0
-23
1
7
-3
-6
ASD #5
-21
-11
-16
11
-11
5
ASD #6
29
4
19
2
30
28
ASD #7
39
-1
-6
29
6
-24
ASD #8
7
7
16
12
-18
-28
Note: Values are the number of statistically significant (p < 0.05) angular joint position
differences, from the baseline condition, between the backpack and weighted vests conditions.
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Figure 2. Exemplar pair of children with ASD depicting the individual joint position (hip [top row], knee
[middle row], and ankle [bottom row]) responses, in number of significant differences, comparing the
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unloaded condition to the backpack (dark grey line) and the unloaded condition to the WV condition
(light grey line).

4. Discussion
Due to the routine nature of carrying a backpack filled with supplies, which has been found to
weigh up to 15% of a child’s body mass (Kim et al., 2015; Kistner et al., 2013), it is important to
understand what mechanical effects occur during over-ground walking due to the added mass
because of the increase of potential trips or slips. The WV was also used in the current study to
compare a routine task to one that is often prescribed by occupational therapists. The findings of
this study revealed that children with ASD exhibited asymmetrical movement patterns when
carrying a weighted backpack and while wearing a WV, which was similar to unloaded walking,
thus, not supporting our initial hypothesis. These findings do, however, support additional
literature that children with ASD exhibit heterogeneous movement abilities (Constantino &
Charman, 2016; Dufek et al., 2017; Eggleston et al., 2017), and, potentially, movement
capacities, when their system is perturbed with an added mass.

When collapsed across all participants, the percentage of significant asymmetries at the hip joint
was similar for the unloaded and backpack conditions (71.0 and 70.4, respectively). However,
when wearing the WV, as a group, there was a minimal decrease in the number of significant
asymmetries at the hip (60.6). We hypothesize that this occurs as an inherent mechanism to aid
in stabilizing the trunk since the added mass was located away from participants’ center of mass.
It is possible that the trunk needed to be stabilized in an effort to minimize excessive trunk
motion that was created by the added mass. At the knee joint, the WV condition had the greatest
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number of asymmetrical differences, although the number of significant differences between the
conditions was minimal, which we attribute to the joint function of the knee acting primarily as a
dampening mechanism. When an individual’s body is perturbed by an added mass, the
predominant motion of the knee joint in the sagittal plane is flexion and extension, due to limited
degrees of freedom, in comparison to the hip and ankle joints. As such, the knee joint exhibited
greater number of asymmetries in the sagittal plane because there were fewer movement options
available that needed to be modulated with added weight in comparison to the hip and ankle
joints, both of which have greater overall range of motion. At the ankle joint, the unloaded
condition exhibited the least amount of asymmetrical differences; however, the percentage of
significant asymmetrical differences at the ankle joint only ranged from 64.1 (unloaded) to 68.9
(backpack), revealing that the ankle was relatively unaffected by the added mass of the backpack
or WV (68.4 asymmetrical differences), in comparison to the unloaded or backpack conditions.
Based upon these findings, we conclude that carrying a backpack filled with 15% BM or wearing
a WV filled with 15% BM, evenly distributed across the trunk, does not induce lower extremity
joint position symmetry patterns in children with ASD, despite the assertions from the literature
that WVs may assist with motor tasks. To date, no previous studies have examined these
parameters under similar perturbations.

Another important finding gleaned from this examination is that children with ASD do not
exhibit changes in joint position asymmetries, based upon the number of significantly different
asymmetries, when examining unloaded walking to carrying a backpack or WV filled with 15%
BM. When the results are collapsed across all participants, we presume that children with ASD
who exhibit greater hip joint asymmetry may benefit from walking with a WV, as the number of
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significant asymmetries decreases from 71.0 to 60.6, indicating a slightly more symmetrical
movement pattern and potentially greater coordination (Chester & Calhoun, 2012). However,
neither the knee or ankle joint position symmetry movement patterns were greatly influenced by
either added mass.

The most intriguing finding, for some of the participants, from this study was the variable and
individual responses to both load conditions. Newtonian responses to added masses during
landings have been quantified by examining force profile characteristics (Bates, Hamill, &
DeVita, 1988; Caster & Bates, 1995; Nordin et al., 2016) and muscle activation parameters in
healthy individuals (Caster & Bates, 1995; James et al., 2003; James, Atkins, Dufek, & Bates,
2014; Nordin et al., 2016) to understand individual responses to system perturbations. However,
Newtonian responses have not been quantified in individuals with neurological disorders,
especially children with ASD, nor have they been categorized through kinematic changes. As
seen in Figure 2 and Table 1, each participant in the current study exhibited individualized joint
position symmetry-related responses between the backpack and the WV conditions. The
backpack and WV provide different force producing mechanisms on the body, and it was not
believed that the differing mechanisms would elicit such dramatic differences in joint angular
position. Although previous research has determined that children with ASD exhibit
asymmetrical lower extremity joint position patterns during over-ground, unperturbed walking
(Eggleston et al., 2017), based upon the classification findings from James et al. (2003) and
Nordin et al. (2016), it may have been expected that children with ASD would be aligned into
specific classification categories based upon the load or the specific task (backpack or WV).
However, within subjects, and among the lower extremity joint positions between the weighted
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conditions, there were no distinguishable patterns on how the participants accommodated the
added mass during ambulation. This finding demonstrates three major theories for movements
associated with individuals with ASD: 1) children, and likely adults, with ASD should not be
analyzed in traditional group statistical designs due to the washout-effect of participants with
distinctly different movement responses to similar tasks (Bates et al., 2016; Dufek et al., 2017);
2) movement accommodations in children with ASD are not consistent, and thus, must be further
examined, particularly following similar methodologies in previous Newtonian response studies;
and 3) the varied movement patterns observed from this study may identify different locations or
severities along the autism spectrum which are currently undefined. The variety of responses
observed from these seemingly routine tasks in children with ASD elicits a variety of additional
research questions that must be answered to further understand how their movement can be
influenced. Previous research has determined that movement dysfunctional may be a core
symptom of ASD (Weiss et al., 2013), however, there is a dearth of empirical research that has
examined how movements can be influenced when faced with an obstacle (e.g., ambulating over
a curb) or routine perturbation (e.g., carrying a backpack).
4.1. Conclusions
To the authors’ knowledge, no studies have examined the influence of a weighted backpack or
WV on walking mechanics in children with ASD. Due to the routine nature of carrying a
backpack and the prevalence of WV prescriptions for children in this population, it is important
to quantify any negative effects of either perturbation. Currently, the research examining the
efficacy of WV relating to behavioral implications in children with ASD has produced
inconsistent findings. However, due to the individualistic responses to the WV, the current study
provides a potential answer in understanding why these findings may not be conclusive. Another
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implication of the current study is that children with ASD do not walk with greater symmetry in
the lower extremity joint positions due to the added mass of backpack or WV.
4.2. Limitations
One study limitation is the 15% BM mass added to each participant. While this was based on
individual participant’s body mass, this mass may have been too heavy to decrease asymmetrical
movement patterns in a neurologically vulnerable population. Although 15% BM in backpacks is
currently the maximum guideline for backpack mass in children with typical development, this
guideline has not been established in children with ASD. Additionally, not all children
completed the walking trials barefoot, which may have involved different sensory inputs and
may have altered walking mechanics. This limitation was mitigated by asking all participants to
complete each condition in similar footwear types (shod or unshod), and by using participants as
their own control. The final limitation of the current study was the analysis of only male
participants. While ASD is more prevalent in males in comparison to females (Centers for
Disease Control, 2016), the findings of the current study may not be generalizable to female
children with ASD.
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Significance of the Chapter
Many previous motor-related studies have concluded that individuals with ASD exhibit
uncoordinated movements, yet, those studies have largely omitted objective quantitative methods
measuring coordination. One such study was performed by Rinehart and colleagues (2006)
where videos of individuals walking were qualitatively examined by experienced
physiotherapists “with recognized expertise in gait disorders”. While the information gleaned
from their study has proven beneficial for the growth of knowledge surrounding movement in
individuals with ASD, very little can be extrapolated, given the paucity of data available. Even
with these findings, and those from Fournier and colleagues (2010), there are very few
coordination descriptors available, and even fewer studies which have examined coordination in
this population under multiple conditions.

The current study is aimed at understanding how two different load conditions influence lower
extremity coordination during over-ground gait, relative to an unloaded condition. Given the
findings in the previous chapter (Eggleston, Landers, Bates, Nagelhout, & Dufek, 2018), relative
to the symmetry responses in two load conditions, it is crucial to understand if either of the
conditions invokes unique lower extremity coordination responses. As such, the current study
examined this question at the group and single-subject levels to identify if there is a groupspecific response for all children with ASD, and if not, what responses individuals utilize to
modulate their coordination in response to both loaded conditions.
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Abstract
Background: There is a paucity of quantitative literature about coordination patterns during gait
in children with Autism Spectrum Disorder (ASD). Previous studies have utilized observational
data to test for coordination, with additional studies only alluding to a lack of coordination
during movements. The purpose of the current study was to determine the effects of perturbed
gait using weighted vest and backpack carriage on lower extremity coordination in comparison
to unperturbed gait in children with ASD. Methods: Ten male children, aged 8-17 years,
completed 15 gait trials in three conditions: 1) unloaded; 2) wearing a backpack (BP) filled with
15% body mass; and 3) wearing a weighted vest (WV) filled with 15% body mass. Continuous
relative phase (CRP) analysis was utilized to quantify lower extremity coordination within and
among the conditions. Group and single-subject study designs were used to determine if patterns
existed at the group and individual levels. The Model Statistic was used to test for statistical
significance at each of the normalized data points for each joint segment couple, bilaterally. First
and last 10 stride blocks were tested for possible accommodation strategies. Results: Group
results revealed that no coordination changes exist among the three conditions. Single-subject
results exposed decreased significant differences (ps<0.05) in the loaded conditions, relative to
the unloaded condition. Conclusion: The group design masked individual coordination pattern
changes observed in the single-subject analysis. Children with ASD exhibit variable coordination
patterns during unloaded gait. When walking with perturbing loads, the variability of the lower
extremity segments decreased.

Keywords: Autism Spectrum Disorder, Biomechanics, Continuous Relative Phase analysis,
Coordination, Locomotion, Weighted Vests.
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Highlights
•
•
•
•

Fewer coordination differences found during gait with loads in children with ASD.
Few large effect sizes observed between unloaded and loaded gait.
Loaded gait may decrease variable movement patterns in children with ASD.
Loaded gait may elicit synchronous lower extremity movement patterns.
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Introduction
Motor impairments in individuals with Autism Spectrum Disorder (ASD) have recently garnered
a large amount of attention in scientific literature, partly due to the increase in prevalence rates of
the condition in recent decades (Centers for Disease Control, 2016). ASD is a
neurodevelopmental disorder which presents with behavioral symptoms such as deficits in social
and communicative skills, as well as restricted interest and movement stereotypy (Hocking &
Caeyenberghs, 2017). Due to recent results from motor-related studies, it is believed that motor
impairments are also a cardinal feature of ASD (Ben-Sasson et al., 2009; Hocking &
Caeyenberghs, 2017; Kindregan, Gallagher, & Gormley, 2015; Rinehart, Tonge, Iansek et al.,
2006; Weiss, Moran, Parker, & Foley, 2013). While the noted impairments may not directly
affect safety during motor-based activities (i.e. trips, slips, or falls), gaining a greater
understanding of motor-related impairments is important in understanding ASD
pathophysiology.

In 1943, Kanner described gait patterns in children with ASD as “clumsy” and “uncoordinated”
(Kanner, 1943). Previously, qualitative measures, from direct observation, have been utilized to
examine this claim (Rinehart, Tonge, Bradshaw et al., 2006), yet, fewer have utilized
quantitative methods in an effort to investigate Kanner’s initial description of uncoordinated gait
patterns (Fournier, Hass, Naik, Lodha, & Cauraugh, 2010). However, recent studies have alluded
to the notion that individuals with ASD exhibit uncoordinated movements, particularly during
gait (Dufek, Eggleston, Harry, & Hickman, 2017; Eggleston, Harry, Hickman, & Dufek, 2017;
Kindregan et al., 2015). Still, there is a paucity of data on coordination-related variables which
have been collected in a quantitative manner.
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Fournier and colleagues (2010) completed a meta-analysis in which they found that individuals
with ASD display explicit motor impairments relative to typically developing controls, which
was mostly attributed to a lack of coordinated movements. Nevertheless, the gait-related studies
analyzed by Fournier and colleagues primarily used spatial-temporal gait characteristics to
quantify coordination, such as gait velocity (Hallett et al., 1993; Rinehart et al., 2006; Rinehart et
al., 2006) and variability in stride length (Rinehart et al., 2006). Beyond these basic kinematic
measures, there is little evidence regarding objective quantification of motor coordination of the
lower extremity in individuals with ASD during gait. With the complexity associated with
human gait, it is vital to understand if there are coordination issues relative to individuals with
ASD. Having empirical knowledge of these issues may allow for a greater understanding of the
permeation of ASD into the neurological system based upon the various motor output responses.

Eggleston et al attempted to mitigate bilateral asymmetrical lower extremity joint (hip, knee, and
ankle) movements by utilizing a weighted vest (WV) and backpack (BP), both filled with 15%
body mass (BM) during over-ground gait (Eggleston, Landers, Bates, Nagelhout, & Dufek,
2018). The most relevant finding indicated that children with ASD exhibited individualized
responses to the load types: some children exhibited greater numbers of asymmetries and/or
displayed increased or decreased asymmetries among and between the lower extremity joints
between the load types in comparison to baseline data. Due to the routine-nature of while
carrying a backpack during gait for children, it is vital to understand if this type of load carriage
consequently induces uncoordinated movements. Furthermore, it is also important to determine
if wearing a WV during gait, which is among the most common treatment modalities in therapy
settings for decreasing negative behavior-related ASD characteristics, also evoke uncoordinated
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movements, which could lead to potentially injurious events. On the other hand, one or both load
types may instead induce more coordinative movements, which may then be advantageous in
mitigating what has been established as uncoordinated gait patterns in children with ASD; still,
this remains unexamined in the literature. The present study builds on the findings of the
Eggleston et al study by objectively quantifying lower extremity coordination during gait under
similar loaded conditions. While the study conducted by Eggleston et al (2018) offered useful
information relative to symmetry, the current study is attempting to provide a more
comprehendible descriptor for load responses.

As such, the purpose of the current study was to determine the effects of WV and BP carriage on
lower extremity coordination in comparison to baseline, unperturbed gait in children with ASD.
It was hypothesized that children with ASD would exhibit more coordinated lower extremity
movements when gait with the WV compared to the BP, relative to baseline. This hypothesis
was derived from previous literature which found wearing a WV during gait children with ASD
exhibited a smoother center of mass translation during gait, as well as smoother joint (hip, knee,
and ankle) motions relative to baseline data (Harry, Eggleston, Lidstone, & Dufek, 2018). If this
hypothesis is supported by the data, the findings could lead to changes in BP weight
recommendations for children with ASD, in that BP carriage induces uncoordinated movements,
which may lead to a potential trip or fall. Moreover, while WVs are being used therapeutically to
mitigate negative behaviors associated with ASD, they could also be used to improve previously
noted motor impairments, specifically, motor coordination during tasks. As such, should our
hypothesis be supported by the results, WVs may be considered a more comprehensive
intervention due to the breadth of ASD symptoms alleviated with its usage.
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Methods
Participants
An a priori power analysis was performed (G*Power 3.1; Dusseldorf, Germany) on coordination
data from the ASD and control groups, respectively, from Rinehart and colleagues (2006).
Results from the power analysis revealed that a sample size of three participants would provide
adequate statistical power with a proposed effect size of 4.36, power of 0.8, and significance
level set to 0.05. The results of this sample size estimation may not be accurate due to the
differences in data types between Rinehart and colleagues (2006) and those in the current study.
Male and female children with ASD diagnoses were recruited for participation; however, only
families with male children responded to recruitment information, and as such, only males
participated in the study (n=10; 11.1±3.9 yrs old, 1.5±0.2m, 51.3±24.6kg). Inclusion criteria for
the study included physician-diagnosed ASD, which was verbally confirmed by parents, and
being able to ambulate with 15% BM placed in a WV and BP. All participants presented with
high functioning autism, in that the disorder did not highly impact their daily living, as reported
by parents during conversation. Prior to completing any laboratory activities, parental consent
and child assent were obtained on institutionally approved documentation by the University of
Nevada, Las Vegas (protocol number: 905727-10) and in accordance with the Declaration of
Helsinki.
Procedures
Participants completed all study-related activities in a single session. Following consent and
assent, participant anthropometric data were measured and recorded. To track segmental motion
during gait trials, single reflective markers were adhered to participants at the following
anatomical locations: bilaterally on the anterior superior iliac spines, posterior superior iliac
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spines, iliac crests, medial and lateral femoral condyles, medial and lateral malleoli, and base of
the second toes. Four four-marker clusters were placed on the lateral aspect, mid-segment on the
thighs and legs, with additional three-marker clusters being placed bilaterally on the calcanei.
Three-dimensional motion capture data were obtained using a 10-camera motion capture system
(200 Hz, Vicon Motion Systems, Ltd., Oxford, UK).

Participants were instructed to walk over-ground in three conditions, completing 15 trials in each
condition, for a total of 45 trials: 1) over-ground with no added mass; 2) over-ground while
wearing a modified WV (MiR, Inc. San Jose, CA, USA) with 15% BM evenly distributed in the
anterior and posterior compartments; and 3) over-ground while wearing a BP loaded with 15%
BM. The weighted conditions (2 and 3) were completed in a counterbalanced order, ensuring
baseline data (condition 1) were not influenced by loads in conditions 2 or 3. It has been
established that children with ASD exhibit varying gait velocities (Calhoun, Longworth, &
Chester, 2011), and, as such, velocity was monitored in post-processing by analyzing only trials
that were within ± one standard deviation of the baseline average velocity. Participants walked a
straight-line distance of approximately nine meters with the first and last two meters of the
distance being excluded from analysis, allowing participants to reach a homeostatic gait pattern.
Lastly, parents were asked to not be involved with their children during testing to minimize
interactions and decrease additional instructions regarding task performance.
Data Analysis
Kinematic data were exported to Visual3D biomechanical software suite (C-Motion, Inc.,
Germantown, MD, USA). Prior to completing kinematic computations, data were smoothed with
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a low-pass digital Butterworth filter (6 Hz). Data were further reduced to left and right strides
allowing for data to be normalized to 100% of the gait cycle (101 data points) and were then
exported to Gnu Octave (version 4.0.3) for further analysis using custom code.

To quantify lower extremity segmental coordination, the current study used Continuous Relative
Phase (CRP) analysis. CRP analysis is a higher-order measure of coordination between two body
segments or joints by examining the differences of phase planes of the segments or joints of
interest (Lamb & Stöckl, 2014; Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2013; Varlet
& Richardson, 2011) which allows for a continuous measure of coordination throughout an
entire gait cycle (Hamill, van Emmerik, Heiderscheit, & Li, 1999; Miller, Meardon, Derrick, &
Gillette, 2008; Miller, Chang, Baird, Van Emmerik, & Hamill, 2010). Initially, phase planes
were constructed as a function of a segment’s angular position versus the angular velocity
(Miller et al., 2010; Robertson et al., 2013). Following phase plane construction, angular velocity
and position data were normalized to account for differences in amplitude and frequency
between the signals (Miller et al., 2010). For the current study, normalization techniques
established by Burgess-Limerick (1993) were used, normalizing angular position and velocity
values between -1 and +1 (Burgess-Limerick et al., 1993; Miller et al., 2010; Robertson et al.,
2013). Once normalized, phase angles were then calculated by using the four-quadrant
̃ (𝑖)
𝜔

arctangent trigonometric function: ∅(𝑖) = 𝑡𝑎𝑛−1 ( 𝜃̃(𝑖) ) (Miller et al., 2010), where ∅ is the
phase angle of a segment of interest, 𝜔
̃ is the normalized angular velocity, and 𝜃̃ is the
normalized angular position (Robertson et al., 2013). Once phase angles for each segment were
calculated, CRP angle between two segments was calculated: 𝐶𝑅𝑃(𝑖) = ∅𝐴 (𝑖) − ∅𝐵 (𝑖); where
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∅𝐴 is the phase angle of the proximal segment and ∅𝐵 is the phase angle of the distal segment,
and (𝑖) is a specific data point throughout the data series (Robertson et al., 2013). Phase angle
data can range from 0o to 360o with CPR angles ranging between 0o and 180o. When CRP angles
equal 0o segments are in-phase (e.g., moving in a similar direction of motion) with anti-phase
(e.g. moving in opposite directions) diverting from 0o (Lamb & Stöckl, 2014; Robertson et al.,
2013). The current study rectified all CRP values prior to performing statistical analysis since
any diversion from 0o indicates anti-phase movement (Hamill et al., 1999; Heiderschbit, Hamill,
& van Emmerik, 1999; van Emmerik & Wagenaar, 1996). The CRP angles were computed
between the thigh and leg, leg and foot, and thigh and foot couples, bilaterally, at each of the 101
normalized data points across the gait cycle. Thigh and leg and leg and foot couples are common
couples examined in gait coordination literature, with thigh-foot couple being less common.
However, the thigh-foot couple plays a vital role in human gait, primarily during swing-phase,
ensuring sufficient toe-ground clearance (Worster, 2015).

Statistical Analysis
To test for statistically significant differences among conditions for the group and single-subject
analyses, the Model Statistic procedure (Bates, James, & Dufek, 2004) was utilized on each of
the 101 data points (Dufek, Harry, Soucy, Guadagnoli, & Lounsbery, 2016; Dufek et al., 2017;
Eggleston et al., 2017) for each CRP angle of interest at α = 0.05. The current study used group
and single-subject study designs to ascertain whether specific patterns exist for the current
sample as a group, and if those patterns were similar to those identified in the single-subject
analysis. For the group analysis, individual variable means were concatenated to compute overall
group mean and standard deviation values. For single-subject analysis, all tests were performed
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on an individuals’ mean value for each variable of interest. If statistically significant differences
exist between the CRP angles of interest, the current statistical design will result in a number of
significant differences (out of 101 possibilities), which was then computed into a percentage of
significant differences. Furthermore, large effect sizes (ES; >1.2; Hopkins, 2010) were computed
in a similar manner, which was performed to determine if there are meaningful differences
between and among the variables of interest.

To further examine how, or if, coordination patterns change over time, the current study also
performed a statistical analysis on the first and last blocks of 10 strides for each condition.
Similar statistical methods and ES computations were utilized, as mentioned above. Conducting
these analyses would reveal if different coordination patterns were utilized by participants over
the duration of the individual conditions, and may provide a window of insight relative to the
timing of potential coordination responses. Group and single-subject analyses were also
performed on stride blocks.
Results
Group Results
When examining the sample of children with ASD as a group, very few significant differences
(p<0.05) were observed between the unloaded and loaded conditions. Furthermore, no large ES
were found between any of the three comparisons. These findings are displayed in Table 1.
Figure 1 illustrates the group mean CRP values, comparing each of the comparisons, for the
thigh-leg, leg-foot, and thigh-foot couples.
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Table 1. Statistically Significant Group Differences and Large Effect Sizes
Unloaded vs Weight
Backpack vs Weight
Unloaded vs Backpack
Vest
Vest
Segment
% of
% of
% of
CRP Couple
% of
% of
% of
Significant
Significant
Significant
Large ES
Large ES
Large ES
Differences
Differences
Differences
Right Thigh1
0
1
0
0
0
Leg
Right Leg0
0
4
0
1
0
Foot
Right Thigh2
0
3
0
0
0
Foot
Left Thigh1
0
5
0
0
0
Leg
Left Leg-Foot
1
0
5
0
0
0
Left Thigh4
0
5
0
0
0
Foot
Note: % (percent) of Significant differences (p < 0.05) are based upon the outcome of the Model
Statistic tests on each of the 101 data points across the gait cycle. Likewise, the % (percent)
Large ES (effect sizes) are based upon the calculation of large ES (ES > 1.2; Hopkins, 2010) for
each of the 101 data points across the gait cycle

Figure 1. The left column depicts the group averages of the right limb comparing the unloaded
(red line) and backpack (blue line) conditions. The middle column depicts the average of the
right limb comparing the unloaded (red line) and weight vest (blue line) conditions. The right
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column depicts the average right limb comparing the backpack (red line) and weight vest (blue
line) conditions. The top row represents the thigh-leg CRP; the middle row represents the legfoot CRP; and the bottom row represents the thigh-foot CRP. In all plots, asterisks (*) represent
statistically significant differences (p < 0.05) between the comparisons.

Similar results were found when examining the group of children with ASD during the first and
last 10 stride blocks. For each of the CRP measures, three for the right and left limbs, six total
CRP measurements, at each of the 101 data points, there were no large ES and the greatest
number of significant differences was two out of 101. The blocked group results are displayed in
Table 2.
Table 2. Statistically Significant Group Differences and Large Effect Sizes for the First and
Last 10 Stride Blocks
Unloaded
Backpack
Weight Vest
Segment
% of
% of
% of
% of
% of
% of
Couple
Significant
Large
Significant
Large
Significant
Large
Differences
ES
Differences
ES
Differences
ES
Right
1
0
0
0
0
0
Thigh-Leg
Right Leg0
0
0
0
0
0
Foot
Right
0
0
0
0
0
0
Thigh-Foot
Left Thigh3
0
0
0
0
0
Leg
Left Leg1
0
0
0
0
0
Foot
Left Thigh1
0
0
0
0
0
Foot
Note: % (percent) Significant differences (p < 0.05) are based upon the outcome of the Model
Statistic tests on each of the 101 data points across the gait cycle. Likewise, the % (percent) of
Large ES (effect size) are based upon the calculation of large ES (ES > 1.2; Hopkins, 2010) for
each of the 101 data points across the gait cycle.

Single-Subject Analysis Results
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Figure 2 displays the percentage of significant differences collapsed across all participants in
each of the three comparisons: unloaded versus BP; unloaded versus WV; and BP vs WV. As
seen in the figures, the largest percentage of significant differences, regardless of limb or
segment couple, was 80.4% differences with the smallest percentage of significant differences
being 57.8%. Remarkably, and contrary to much of the previous literature, the standard

Percentage of Significant Differences

deviations around the number of significant differences per CRP calculation were rather small.

100
80
60
40

79.4

72.3

71.6 68.8

66.4

72.5
63.2

66.7

70.9 70.6
60.8

59.4

68.5 68.0
63.6

69.1

75.0
65.0

20
0
Thigh-Leg

Leg-Foot

Thigh-Foot

Thigh-Leg

Left Limb
Unloaded vs BP

Leg-Foot

Thigh-Foot

Right Limb
Unloaded vs WV

BP vs WV

Figure 2. Note: Percentage of significant differences (p < 0.05), collapsed across all participants,
for the left and right lower extremity couples, plus one standard deviation.

Although there were large percentages of significant differences, as displayed in Figure 2, upon
examination of the large ES, many of the 101 data points did not have large ES, and thus likely
do not represent meaningful differences between the comparisons. Interestingly, the largest
number of large ES were from the unloaded and BP comparison, where collapsing across limb
and segment couple averaged 17 large ES, compared to approximately 10 for the unloaded and
WV comparison and approximately 6 for the BP and WV comparison. Numbers of large ES and
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minimum and maximum number of significant differences for each couple, each comparison and
each limb are displayed in Table 3.
Table 3. Percentage of Large Effect Sizes for and Minimums and Maximum for Significant
Differences between Conditions
Unloaded vs Weight
Backpack vs Weight
Unloaded vs Backpack
Vest
Vest
CRP Couple
ES
Min
Max
ES
Min
Max
ES
Min
Max
Right Thigh6.5
32.0
97.0
8.1
52.0
95.0
4.1
38.0
84.0
Leg
Right Leg8.1
49.0
88.0
5.5
46.0
86.0
3.6
33.0
85.0
Foot
Right Thigh9.8
40.0
94.0
12.4
55.0
94.0
9.8
26.0
91.0
Foot
Left Thigh22.6
57.0
96.0
9.8
59.0
90.0
6.6
25.0
95.0
Leg
Left Leg-Foot
9.0
52.0
89.0
5.6
49.0
82.0
2.3
39.0
79.0
Left Thigh19.1
51.0
83.0
8.2
47.0
84.0
10.4
34.0
83.0
Foot
Grand Mean
12.5
46.8
91.2
8.3
51.3
88.5
6.1
32.5
86.2
SD
6.6
9.2
5.4
2.6
5.0
5.4
3.4
5.9
5.8
Note: Average percentage of large effect size (ES; > 1.2), out of 101 possible, collapsed across
all participants; Min = minimum number of significant differences from all participants; Max =
maximum number of significant differences from all participants.

Similar to the group analysis, individual participants also had the first and last ten stride blocks
tested for statistical significance among the three conditions. When analyzed on the singlesubject level, results illustrate that many of the participants in this sample had a large percentage
of significant differences between the stride blocks, but, contrarily, there were a limited
percentage of large ES, with the largest percentage being 42% in the right thigh-foot couple.
However, when collapsing these data across the entire sample the largest average percentage of
large ES is 8.40% (right thigh-leg couple in the unloaded condition), with 7 of the 18
couple/condition comparisons having an average of less than one large ES. Figure 3 depicts the
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percentages of significant differences and large ES, collapsed across the sample, for all three
conditions and all segment couples.
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20

Left Limb
Couples

Right Limb
Couples

Unloaded

Left Limb
Couples

Right Limb
Couples

Backpack

Significant Differences

Left Limb
Couples

Thigh-Foot

Leg-Foot

Thigh-Leg

Thigh-Foot

Leg-Foot

Thigh-Leg

Thigh-Foot

Leg-Foot

Thigh-Leg

Thigh-Foot

Leg-Foot

Thigh-Leg

Thigh-Foot

Leg-Foot

Thigh-Leg

Thigh-Foot

Leg-Foot

0

Thigh-Leg

Percentage of Significant Differences and Large Effect
Sizes

Collapsed Single-Subject First vs Last 10 Stride Block
Comparison

Right Limb
Couples

Weight Vest

Large ES

Figure 3 Note: Percentage of significant differences (p < 0.05) and large effect sizes (ES; > 1.2),
collapsed across all participants, for each limb and segment couple, plus one standard deviation between
the first and last 10 strides for each stride block comparison

Table 4 displays the percentage of significant differences observed in the first versus last 10
stride block comparison for each child in the sample, including each segment couple. Similar to
Table 4, Table 5 presents the percentages of large ES for each child at each segment couple for
each condition block comparison.
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Table 4. Single-Subject Analysis of Significant Differences in First versus Last 10 Stride
Blocks Comparison
Body Weight
Participant
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
Grand Mean
SD

Thigh-Leg
4
7
26
5
3
47
33
21
7
27
18.00
15.10

Left Limb
Leg-Foot
27
68
28
14
19
41
41
7
21
40
30.60
17.58

Thigh-Leg
33
23
33
9
26
44
40
25
12
2
24.70
13.63

Left Limb
Leg-Foot
31
50
49
15
17
34
54
35
22
8
31.50
15.98

Participant
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
Grand Mean
SD

Thigh-Foot Thigh-Leg
30
28
83
23
38
14
19
23
6
88
29
54
34
41
26
38
4
25
31
79
30.00
41.30
21.81
25.02
Backpack
Thigh-Foot Thigh-Leg
50
47
39
74
31
25
18
51
22
7
36
6
22
53
20
26
8
69
7
29
25.30
38.70
13.67
23.82
Weight Vest

Participant

Right Limb
Leg-Foot
26
28
33
21
80
65
39
37
42
70
44.10
20.33

Thigh-Foot
17
33
37
21
45
48
35
24
31
57
34.80
12.55

Right Limb
Leg-Foot
60
66
26
44
4
19
40
25
60
24
36.80
20.56

Thigh-Foot
36
59
37
25
7
19
48
6
75
24
33.60
22.19

Left Limb
Right Limb
Thigh-Leg
Leg-Foot
Thigh-Foot Thigh-Leg
Leg-Foot
Thigh-Foot
P1
28
26
24
31
41
35
P2
30
24
43
31
46
35
P3
4
6
7
12
22
1
P4
18
30
35
90
71
80
P5
34
21
15
41
33
23
P6
13
18
24
8
8
14
P7
16
5
12
38
22
22
P8
40
45
20
48
63
44
P9
25
20
22
59
37
66
P10
16
32
0
10
22
14
Grand Mean
22.40
22.70
20.20
36.80
36.50
35.00
SD
10.90
11.90
12.68
25.16
19.60
22.57
Note: The values in each column represent the percentage of significant differences for each segment
couple across the entire gait cycle.
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Table 5. Single-Subject Analysis of Large Effect Sizes in First versus Last 10 Stride Blocks
Comparison
Body Weight
Participant
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
Grand Mean
SD

Thigh-Leg
0
19
1
0
0
0
2
0
0
3
2.50
5.89

Left Limb
Leg-Foot
0
14
9
0
0
0
2
1
0
3
2.90
4.79

Thigh-Leg
1
4
0
0
0
0
0
0
0
0
0.50
1.27

Left Limb
Leg-Foot
0
22
1
2
0
0
1
0
2
0
2.80
6.80

Participant
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
Grand Mean
SD

Thigh-Foot Thigh-Leg
0
0
12
1
0
0
0
0
0
34
0
9
0
14
0
2
0
0
2
25
1.40
8.50
3.78
12.20
Backpack
Thigh-Foot Thigh-Leg
0
4
0
18
0
3
0
0
0
0
0
0
0
17
0
0
0
0
0
0
0.00
4.20
0.00
7.16
Weight Vest

Participant

Right Limb
Leg-Foot
0
0
0
0
29
20
3
7
0
18
7.70
10.70

Thigh-Foot
0
0
2
0
6
6
5
2
0
14
3.50
4.45

Right Limb
Leg-Foot
13
17
5
0
0
0
1
0
0
0
3.60
6.28

Thigh-Foot
2
11
10
1
0
0
8
0
1
0
3.30
4.50

Left Limb
Right Limb
Thigh-Leg
Leg-Foot
Thigh-Foot Thigh-Leg
Leg-Foot
Thigh-Foot
P1
1
0
0
0
3
1
P2
3
0
0
2
6
2
P3
0
0
0
0
0
0
P4
2
1
3
34
20
42
P5
0
0
2
0
6
1
P6
0
0
0
0
0
0
P7
0
0
0
0
0
0
P8
0
0
0
21
21
14
P9
0
0
0
0
0
4
P10
0
0
0
0
0
0
Grand Mean
0.60
0.10
0.50
5.70
5.60
6.40
SD
1.07
0.32
1.08
11.91
8.22
13.22
Note: The values in each column represent the percentage of large effect sizes (> 1.2) for each segment
couple across the gait cycle.
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Discussion and Implications
Based upon the group analysis, lower extremity coordination was not influenced by loaded
conditions. However, when examining the data on a single-subject level, it can be observed that
the loaded conditions decreased the percentage of significant differences and large ES, relative to
the unloaded condition. We attribute these decreases to the loads in the loaded conditions
limiting the amount of inherent variability within the system, ensuring that the individuals in the
sample could maintain upright ambulatory posture. It is also plausible that the loaded conditions
invoked a more synchronous coordination pattern of the lower extremity segments.

The group analysis revealed that participants in this sample exhibited similar lower extremity
coordination patterns among all conditions. Because of this finding, it can be concluded that, in
general, a loaded BP or WV did not influence coordination patterns in this sample, as depicted in
Figure 1. Furthermore, when examining the data in Table 1, the greatest differences were
observed in the unloaded and BP comparison where there were 23 significant differences among
all six couples (collapsed across limbs) out of a possible 600. The unloaded and WV comparison
had 9 significant differences, with the BP and WV comparison having 1 significant difference,
again, out of 600 possible differences. Interestingly, there were no large ES for any of the
couples in any of the comparisons, suggesting that, although there were significant differences,
they were not large enough to merit a meaningful difference. Previous load carriage studies have
found that gait patterns changed in children with typical development (TD) once the loads
reached 15% body mass (Kim, Kim, & Oh, 2015), and, as such, 15% BM became a critical mass
value. Nevertheless, this had not yet been investigated in children with neurological
impairments, until the current study. While it is well established that group statistics can mask
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individual movement characteristics (Bates, Dufek, James, Harry, & Eggleston, 2016), especially
with the known heterogeneity of gait characteristics in children with ASD relative to their peers
with TD (Dufek et al., 2017; Kindregan et al., 2015), these findings suggest that lower extremity
coordination, globally, is not influenced by carried loads at 15% of an individual’s body mass in
children with ASD. Future research is needed to determine if loads greater than 15% BM induce
significant decays in gait coordination patterns in this population.

To gain a greater understanding of how the participants in the current sample potentially
accommodated the loads over time, a similar analysis was employed to compare the CRP values
of all segment couples and all conditions, from the first and last 10 strides blocks between all
conditions. The unloaded blocked analysis displayed the greatest percentage of significant
differences, relative to the BP and WV comparisons. However, as in the total group analysis,
there were no large ES detected. These findings suggest that when faced with a load, children
with ASD do not alter their lower extremity mechanics to accommodate the load. The most
interesting point which can be gleaned from these data (Table 2) is the unloaded condition
exhibiting the greatest number of significant differences. There are many possible reasons for
this; however, one in particular may be the variability in gait mechanics. Children with ASD may
have variable mechanics during unloaded gait, and, hence, display differing mechanics
throughout all of the strides, and when various strides are blocked together, the variability is
revealed. Yet, when a group of individuals with ASD walked with a load, such as a BP or WV,
there were no significant differences observed in any of the stride blocks, which may indicate
decreased variability in the movement patterns. Although it has been concluded that children
with ASD exhibit variable gait patterns (Dufek et al., 2017; Eggleston et al., 2017; Kindregan et
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al., 2015), examining gait mechanics during load carriage in children with ASD has only been
performed in one other instance (Eggleston et al., 2018). In the study by Eggleston and
colleagues (2018), lower extremity angular joint position symmetry was evaluated between
loads, and it was found that the loads did not have any influence on angular joint position
symmetry. These findings are similar to those of the current study, where the loads did not elicit
a change in gait mechanics. Still, the findings from the group analysis reveal that movement
variability, rather than lower extremity coordination, may be the key descriptor in fully
understanding gait mechanics in individuals with ASD.

Due to the highly individualistic nature of gait mechanics for children with ASD evidenced in
the literature (Dufek et al., 2017; Eggleston et al., 2018; Eggleston et al., 2017; Kindregan et al.,
2015), the current study also utilized a single-subject analysis on the same comparisons as in the
group analysis. All children in the sample displayed significant differences in each of the
comparisons (unloaded and BP; unloaded and WV; BP and WV). The lowest percentage
significant differences, collapsed across participants, occurred in the thigh-leg couple in the right
limb in the BP and WV comparison. The largest percentage of significant differences occurred in
the thigh-leg couple in the left limb in the unloaded and BP comparison. The most vital
information gleaned from these results suggests that the comparisons of unloaded gait to the
loaded conditions elicits a larger percentage of significant differences relative to the BP and WV
condition. While these differences are small, this further suggests that the unloaded condition
may allow for greater movement variability of lower extremity movement patterns. When
children with ASD are faced with walking while wearing a heavy object, the number of possible
motor patterns may be decreased inherently, allowing the individual to continue safe ambulation.
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When the individual does not have a heavy object perturbing their system, there is more freedom
of the lower extremity segments to move within (multiple degrees of freedom), while still
ensuring safe ambulation. Variable movement patterns are inherent in human movement, and
provide flexibility within the system, allowing it to accommodate to sudden environmental
change, and proceed without needing to reorganize or re-plan the movement (Stergiou,
Harbourne, & Cavanaugh, 2006). However, variability has only been minimally examined
relative to motor ability studies, especially in children with ASD.

Although every child in the sample exhibited significant differences in coordination patterns in
all three conditions, very few large ES were present for any child in the sample. The highest
percentage of large ES, collapsed across the sample, was approximately 23 for the left thigh-leg
couple during the unloaded and BP comparison. Collapsing across the sample, limbs, and
segment couples, the unloaded and BP comparison had the highest average percentage of large
ES at 12.5%, with the unloaded and WV comparison at 8.3%, and, finally, the BP and WV
comparison at 6.1% large ES. Still, these small percentages of large ES illustrate that few points
throughout the gait cycle have meaningful differences in the respective comparisons, although
many significant differences were observed. Considering this, it may be concluded that carrying
a heavy BP produces greater changes in lower extremity coordination patterns during gait in this
sample. This conclusion, while fairly intuitive, further demonstrates the need for more research
to be conducted on movement patterns during backpack carriage in this population. With BPs,
the mass in the pack is located posteriorly and is typically concentrated toward the bottom of the
pack. This causes the individual carrying the pack to utilize a forward trunk lean position during
gait to maintain an upright position; failure to do so would result in a fall. Given the neurological
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impairment in children with ASD, maintaining this posture long-term may decrease any
available variability within their system during gait and pose a greater risk when the individual
faces some environmental change, such as simply changes in walking surfaces. Due to the mass
being evenly distributed across the trunk during the WV condition, as opposed to posteriorly in
the BP condition, a forward trunk lean position was likely not utilized, nor would it mechanically
alter how the lower extremity functions in the same manner.

When examining the first versus last 10 stride blocks comparisons on the single-subject level, the
percentages of significant differences (see Table 4) illustrate the highly heterogeneous nature of
gait mechanics in individuals with ASD. Nevertheless, it is important to examine the percentages
of large ES with respect to potential lower extremity segment couple changes between the first
and last 10 stride blocks. As observed in Table 5, relative to the percentages of significant
differences, there are many instances where few or no large ES were observed for children in the
sample. Given these results, it can be surmised that no adaptations occurred while completing the
conditions, meaning that children in the sample did not accommodate their gait mechanics over
time. In a sense, the strategy that was originally chosen was maintained throughout the entire
condition. One explanation for this could be the routine use of an item such as a BP, which
agrees with the findings, in that large ES in all couples are much smaller compared to the
unloaded and WV conditions. While all large ES values are small, the unloaded and WV
conditions have relatively higher percentages of large ES. These findings corroborate the
previous single-subject results in that the percentage of significant differences and large ES
decreases during the loaded conditions, relative to the unloaded conditions. It is possible that the
loaded conditions decreased the variability of available movement patterns and/or elicit a more
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synchronous coordination pattern of the segments. Further research is needed to determine
accuracy of this suggestion. Even with the findings of the current study, more research
examining load carriage and lower extremity coordination is needed to gain a more
comprehensive understanding of the influence of various perturbations on coordination in this
population.

In summary, the current study found that children in this sample of children with ASD, no group
differences in lower extremity coordination were found among the three gait conditions.
Furthermore, the group of children did not utilize different coordination strategies in
accommodating the loads between the first and last 10 blocks of strides, as no differences in
coordination patterns were observed in the two loaded conditions. During the unloaded
condition, there were a limited percentage of differences, however, more than in either load
condition. The authors suggest this is because the loads reduce the amount of variability within
coordination patterns. When examining children on an individual basis, it was found that
unloaded gait had the highest percentage of significant differences, relative to the weighted
conditions, thus providing additional support for increased variability during unloaded gait. This
is due to limiting the number of degrees of freedom available when faced with a heavy load.
Carrying a heavy BP during gait induced greater changes in lower extremity coordination due to
the likely forward trunk lean associated with the posteriorly loaded BP. Further research is
needed, relative to lower extremity coordination, to gain a more comprehensive understanding of
responses to perturbations during gait in children with ASD.
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Limitations
The primary limitation of the current study is the sample size. Nevertheless, the findings herein
do provide initial objective and quantitative assessment of lower extremity coordination in
children with ASD during gait. The authors feel this limitation is lessened due to previous studies
with similar sample sizes on ASD samples (Dufek et al., 2017; Eggleston et al., 2018; Eggleston
et al., 2017; Moran, Foley, Parker, & Weiss, 2013; Weiss et al., 2013). Furthermore, the singlesubject study designed utilized relies more on the number of observations as opposed to the
number of participants in a sample, which ensures the statistical outcomes accurately reflect how
the individuals moved in the various conditions. Additionally, the current sample was comprised
only of male participants. While the authors attempted to recruit male and female participants,
only families with male children participated in the study. Since there is a higher prevalence of
ASD in males, relative to females (Centers for Disease Control, 2016), the findings from the
current study translate well to a large proportion of the ASD population.
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CHAPTER 5
Overall Conclusions
Human gait is our foundational movement, as it is our primary mode of locomotion and method
for interacting with the environment. Because of this, examining gait and gait responses to
various perturbations can allow for insight into neurological functioning, especially in
populations with neurological impairment. As such, the aims of this dissertation were to: 1)
examine hip, knee, and ankle joint position and vertical and anterior/posterior ground reaction
force symmetry in children with ASD during over-ground walking; 2) quantify changes in lower
extremity gait symmetry mechanics in children with ASD during over-ground walking while
carrying a backpack (BP) filled with 15% of the participants’ body mass (BM) and while
wearing a weight vest (WV) filled with 15% BM, evenly distributed in the anterior and posterior
compartments of the vest on the trunk; and 3) to determine the effects of WV and BP carriage on
lower extremity coordination in comparison to baseline, unperturbed walking in children with
ASD.

The first chapter of this dissertation illustrates that children with ASD present with asymmetrical
motion patterns of the lower extremity angular joint positions during over-ground walking.
Furthermore, the results of the second chapter indicate that weighted perturbations do not
negatively influence lower extremity joint position symmetry, although the weighted
perturbations elicit highly individualistic symmetry responses. The findings of these two chapters
suggest that impairments are present in locomotion in children with ASD, and although these
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impairments may not cause initial concern about safety during locomotion, they have provoked
further inquiry.

The third research project of this dissertation was borne out of the complexity derived from the
previous research. In the third project, it was determined that, when collapsed into a group,
children with ASD do not exhibit statistically different lower extremity coordination patterns
when comparing unloaded to loaded (via BP and WV) gait. While it is well established that
group statistical designs are not beneficial for accurately analyzing motor abilities in individuals
with ASD, the current study initially utilized this method with the aim of identifying an ASD
specific characteristic. This was unfortunately not achieved; however, it was suggested in this
chapter that unloaded gait might reveal highly variable movement patterns, specifically variable
lower extremity coordination patterns. This suggestion was corroborated in the single-subject
analysis section, where most of the participants presented with a decrease in statistically
significant differences in lower extremity coordination during loaded gait.

In summary, the overall results of this multi-study dissertation provide empirically driven
evidence in support of observable impairments during gait in children with ASD. These
impairments include asymmetrical lower extremity joint angular motion, varied kinematic
responses to loads, and variable unloaded lower extremity coordination. Most importantly, as
revealed in the second study, the children in the sample present with different responses to the
loaded conditions. As such, it is possible that sub-groups of children with ASD may be defined
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based upon motoric output responses. Furthermore, given the growing body of literature stating
individuals with ASD present with motor impairments, utilizing motor ability assessments may
prove to be a beneficial augmentation to current diagnostic procedures. The current dissertation
also provokes many future research questions which will continue to provide empirical findings
relative to motor abilities and skills in individuals with ASD. While motor abilities may not be
the most vital piece to understanding the core of ASD, they add great insight into ASD severity
and the neurological functioning of individuals with the disorder.
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APPENDIX 1
Chapter 2 Article Copyright
The article in Chapter 2 titled Analysis of Gait Symmetry during Over-Ground Walking in
Children with Autism Spectrum Disorder is a published article in Gait & Posture. The publisher,
Elsevier, allows for published manuscript to be included in theses and dissertations; therefore, no
copyright approval is required. (https://service.elsevier.com/app/answers/detail/a_id/565/)
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APPENDIX 2
Chapter 3 Article Copyright
The article in Chapter 3 titled Examination of Gait Parameters during Perturbed Over-Ground
Walking in Children with Autism Spectrum Disorder is a published article in Research in
Developmental Disabilities. The publisher, Elsevier, allows for published manuscript to be
included in theses and dissertations; therefore, no copyright approval is required.
(https://service.elsevier.com/app/answers/detail/a_id/565/)
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APPENDIX 3
Chapter 4 Article Copyright
The article in Chapter 4 titled Quantifying Lower Extremity Coordination during Weighted
Walking in Children with Autism has been submitted for publication consideration in Research in
Autism Spectrum Disorder. The publisher, Elsevier, allows for pre-printed manuscripts to be
included in theses and dissertations; therefore, no copyright approval is required.
(https://service.elsevier.com/app/answers/detail/a_id/565/)
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1. Eggleston, J.D., (2017). Summer Doctoral Research Fellowship, UNLV Graduate College,
University of Nevada, Las Vegas, $7,000. Role: Principle Investigator
2. Eggleston, J.D., Dufek, J.S., (2016). Summer Graduate Research Award, School of Allied
Health Sciences, University of Nevada, Las Vegas, $1,500. Role: Principle Investigator
3. Dufek, J. S., Eggleston, J. D., Hickman, R. A., and Shan, G (2015). Gait Variability in
Children with Autism Spectrum Disorder: A Pilot Study. Clinical Translational Research
Infrastructure Network, National Institutes of General Medical Sciences, Mini-Grant, $21,
353.00. Role: Co-Investigator.
Grant Proposals in Preparation
1. Harry, J.R., Eggleston, J.D., Dotson, W., Dufek, J.S., Poston, B.J., James, C.R., 2018. Noninvasive brain stimulation to improve functional performance in adults with autism. Simons
Foundation Autism Research Initiative – Explorer Award, $70,000. Role: Co-Principle
Investigator
Not Funded Grant Proposals
1. Harry, J.R., Poston, B., Eggleston, J.D., & Dufek, J.S. Non-invasive brain stimulation for the
improvement of movement quality in children with autism. Thrasher Research Fund Early
Career Award Concept, $26,750, Letter of Intent. Role: Consultant
2. Dufek, J.S., Poston, B., Harry, J.R., Beasley, J.F., Shan, G., & Eggleston, J.D. Examination
of transcranial direct current stimulation as an intervention for mitigation of movement
disorders in person with autism. Autism Research Program Idea Development Award,
Department of Defense, Defense Health Program (W81XWH-17-ARP-IDA). Role:
Consultant
3. Poston, B., Dufek, J.S., Freedman Silvernail, J.A., Harry, J.R., Eggleston, J.D., Lidstone, D.
Non-invasive brain stimulation to improve movement coordination in children with Autism.
Clinical Translational Research Infrastructure Network, National Institutes of General
Medical Sciences (U54 GM104944), Health Disparities Pilot Grant. $60,000. Role: CoInvestigator.
4. Dufek, J.S., Trabia, M.B., Freedman Silvernail, J.A., Eggleston, J.D., Harry, J.R., Hickman,
R.A., Shan, G. Movement variability during stair ascent and descent as a diagnostic tool for
children with Autism Spectral Disorder. Department of Defense, $500,000. Role: CoInvestigator.
5. Dufek, J. S., Eggleston, J. D., Harry, J. R., Hickman, R. A. 2016. Load carriage in children
with autism spectrum disorder: Establishing maximum load values. Organization for Autism
Research, $30,000. Role: Co-Investigator.
6. Gait and Clinical Movement Analysis Society Student Travel Scholarship, $400.00, 2015.
Role: Presenter.
7. Dufek, J. S., Hickman, R. A., Freedman Silvernail, J., Shan, G., Eggleston, J. D., Harry, J.
R., 2015. Gait variability in adults with autism: A diagnostic for continued care?. Simons
Foundation Autism Research Initiative-Explorer Award, $58,546.00. Role: Co-Investigator.
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8. UNLV Foundation Southwest Airlines Student Travel Award.
9. Dufek, J. S., Eggleston, J. D., Harry, J. R., Hickman, R. A., 2015. Variability in loaded and
unloaded walking in children with autism: Implications of study design. Autism Speaks
Suzanne and Bob Wright Trailblazer Award, $100,000. Role: Co-Investigator.
10. AMTI Force and Motion Academic Scholarship, $10,000, 2015. Role: Primary
Investigator

RESEARCH
Note: IF = Impact factor during year of publication; N/A = Not Available
Published or In Press Manuscripts
1. Harry, J.R., Eggleston, J.D., Dunnick, D.D., Edwards, H.T., & Dufek, J.S. (2018; In press).
Effects of task difficulty on kinematics and task performance while using a walking
workstation. Translational Journal of the American College of Sports Medicine.
2. Eggleston, J.D., Landers, M.R., Bates, B.T., Nagelhout, E., Dufek, J.S. (2018). Examination
of gait parameters during perturbed over-ground walking in children with autism spectrum
disorder. Research in Developmental Disorders, 74, 50-56. doi: 10.1016/j.ridd.2018.01.004
(IF = 1.6)
3. Dufek, J.S., Ryan-Wenger, N.A., Eggleston, J.D., Mefferd, K. (2018). A novel approach to
assess pediatric patient fall injury severity. Journal of Pediatric Healthcare, 32(2), e59-e66.
doi: 10.1016/j.pedhc.2017.09.012 (IF = 1.5)
4. Eggleston, J. D., Harry, J. R., Hickman, R. A., Dufek, J. S. (2017). Analysis of gait
symmetry during over-ground walking in children with autism spectrum disorder. Gait and
Posture, 55, 162-166. doi:10.1016/j.gaitpost.2017.04.026. (IF = 2.4)
5. Dufek, J. S., Eggleston, J. D., Harry, J. R., Hickman, R. A. (2017). A comparative
evaluation of gait between children with autism and typically developing matched controls.
Medical Sciences, 5(1), 1. doi:10.3390/medsci5010001. (IF = N/A)
6. Bates, B. T., Dufek, J. S., James, C. R., Harry, J. R., Eggleston, J. D. (2016). The influence
of experimental design on the detection of performance differences. Measurement and
Evaluation in Physical Education and Exercise Science, 20(4), 200-2007. doi:
10.1080/1091367X.2016.1198910 (IF = 3.5)
Manuscripts Under Review
1. Alley, C.J., Eggleston, J.D., Radzak, K.N. (Submitted for review). Stride leg ground reaction
forces pre- and post-fatigue in collegiate baseball pitchers. Human Movement Science.
2. Harry, J.R., Barker, L.A., Eggleston, J.D., & Dufek, J.S. (2018; Revise and resubmit).
Differences between higher-skill and lesser-skill performers during the impact phase of
vertical jump landings. Journal of Applied Biomechanics.
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Manuscripts in Preparation
1. Eggleston, J.D., Borgia, B., Alley, C.J., Radzak, & K.N. (In preparation). The influence of
fatigue on knee stiffness and elbow torque during over-hand baseball pitching. Target
Journal: Journal of Applied Biomechanics.
2. Eggleston, J.D., Landers, M.R., Bates, B.T., Nagelhout, E., & Dufek, J.S. (In preparation).
Quantifying lower extremity coordination during perturbed walking in children with autism.
Target Journal: Research in Autism Spectrum Disorder
3. Eggleston, J.D., James, C.R., Barker, L.A., Harry, J.R., Casale, E.M., Hunt, A.R. & Dufek,
J.S. (In preparation). Load accommodation strategies during over-ground walking with upper
extremity-carried weight in individuals with autism. Target Journal: Journal of Applied
Biomechanics.
4. Eggleston, J.D., Barker, L.A., Harry, J.R., Hunt, A.R., Casale, E., & Dufek, J.S. (In
preparation). Shoes or no shoes? A methodological consideration for gait analysis in
individuals with autism. Target Journal: Clinical Biomechanics.
5. Eggleston, J.D., Harry, J.R., Dufek, J.S. (In preparation). Lower extremity joint stiffness
during over-ground walking in children with Autism Spectrum Disorder. Human Movement
Science.
6. Eggleston, J.D., Harry, J.R., Dunnick, D.D., Edwards, H.T., & Dufek, J.S. (In preparation).
Symmetrical lower extremity gait accommodations during walking workstation use. Target
Journal: Human Movement Science.
7. Harry, J.R., Eggleston, J.D., Lidstone, D., Dufek, J.S. (In preparation). Effects of a weighted
vest on gait smoothness during walking in children with Autism Spectrum Disorder. Target
Journal: Research in Developmental Disabilities.
8. Harry, J.R., Roper, J.L., Eggleston, J.D., Dufek, J.S. (In preparation). Effects of an external
load on pre-impact movement pattern and biomechanical response strategies during landing.
Target Journal: Journal of Applied Biomechanics.
9. Dufek, J. S., Harry, J. R., Eggleston, J. D., Hickman, R. A. (2018; Revise and resubmit).
Walking mechanics and intra-subject variability in monozygotic twins with autism spectrum
disorder. Gait and Posture.
Conference Proceedings
1. Eggleston, J.D., Flores, L., Mamauag, M., Lidstone, D.E., Harry, J.R., Dufek, J.S. (2017).
Influence of a weighted backpack and weighted vest on gait kinematics in children with
autism spectrum disorder. Poster presentation, Northwest Biomechanics Symposium,
Eugene, OR, May 2017.
2. Flores, L.A., Eggleston, J.D., Mamauag, M., Lidstone, D.E., Dufek, J.S. (2017). Effects of
load carriage on lower extremity joint patterns in children with autism spectrum disorder.
Podium Presentation, Northwest Biomechanics Symposium, Eugene, OR, May 2017.
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3. Mamauag, M., Eggleston, J.D., Flores, L.A., Dufek, J.S. (2017). Examining the influence of
backpack weight on stride kinematics among children with autism spectrum disorder. Poster
Presentation, Northwest Biomechanics Symposium, Eugene, OR, May 2017.
4. Dufek, J.S., Eggleston, J.D., Harry, J.R. (2017). Movement differences between children
with autism and children with typical development: Evidence for evaluating the individual
before the group. Poster presentation, Gait and Clinical Movement Analysis Society Annual
Meeting, Salt Lake City, UT, May 2017.
5. Alley, C.J., Eggleston, J.D., Radzak, K.R. (2017). Stride leg ground reaction forces pre-and
post-fatigue in collegiate baseball pitchers. Poster presentation, Far West Athletic Trainers’
Association Annual Meeting and Clinical Symposium, Las Vegas, NV, April 2017.
6. Eggleston, J. D., Harry, J. R., Hickman, R. A., Dufek, J. S. (2016). Evaluation of gait
symmetry in children with autism spectrum disorder. Poster presentation, American Society
of Biomechanics Annual Conference, Raleigh, NC. August 2016.
7. Harry, J. R., Eggleston, J. D., Hickman, R. A., Dufek, J. S. (2016). Walking mechanics and
within-subject variability in monozygotic twins with autism spectrum disorder. Poster
presentation, American Society of Biomechanics Annual Conference, Raleigh, NC. August
2016.
8. Dufek, J. S., Harry, J. R., Eggleston, J. D., Bates, B. T. (2016). A novel data analysis
approach for identification of performance differences during locomotion. Poster
presentation, Gait and Clinical Movement Analysis Annual Conference, Memphis, TN, May
2016.
9. Eggleston, J. D., Harry, J. R., Hickman, R. A., Dufek, J. S. (2015). A comparative
evaluation of gait between children with autism and typically developing matched controls:
Insight gained via single subject design. Poster Presentation, Southwest Chapter of the
American College of Sports Medicine, Costa Mesa, CA, October 2015.
10. Dugan, E.L., Combs-Miller, S.A., Eggleston, J.D., Masterson, C.M., & Berlin C.M. (2015).
Complexity of gait post stroke. Poster Presentation, American Society of Biomechanics
Annual Conference, Columbus, OH, August 2015.
11. Eggleston, J. D., Dugan, E. L., Petranek, L. (2014). The effect of attentional focus
instruction on golf swing performance in recreational golfers. Poster presentation, Rocky
Mountain Regional American Society of Biomechanics Conference, Estes Park, CO, April
2014.
12. Eggleston, J. D., Jones, J. R., & Armstrong, W. J. (2010) Wireless e-technology
accelerometry in the measurement of mechanomyography. Poster presentation, National
Conference on Undergraduate Research, Missoula, MT, April 2010.
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13. Jones, J. R., Eggleston, J. D., & Armstrong, W. J. (2010). Anthropometric measures for
sensor placement in e-textile based mechanomyography. Poster presentation, National
Conference on Undergraduate Research, Missoula, MT, April 2010.
University Conferences
1. Eggleston, J.D. (2017). The autism movement: Understanding movement in autism. Podium
Presentation, UNLV 3-Minute Thesis Competition, University of Nevada, Las Vegas, Las
Vegas, NV, November 2017.
2. Eggleston, J.D., Flores, L.A., Mamauag, M. Lidstone, D.E., Harry, J.R., Dufek, J.S. (2017).
Influence of a weighted backpack and weighted vest on gait kinematics in children with
autism spectrum disorder. Poster Presentation, UNLV Office of Undergraduate Research
Research Week Gala, University of Nevada, Las Vegas, Las Vegas, NV, October 2017.
3. Flores, L.A., Eggleston, J.D., Mamauag, M., Lidstone, D.E., Dufek, J.S. (2017). Effects of
load carriage on lower extremity joint patterns in children with autism spectrum disorder.
Poster Presentation, Undergraduate Research Forum, University of Nevada, Las Vegas, Las
Vegas, NV, April 2017.
4. Eggleston, J.D., Harry, J.R., Dufek, J.S. (2017). Influence of a weighted backpack and
weighted vest on gait kinematics in children with autism spectrum disorder. Poster
Presentation, Graduate and Professional Student Association Research Forum, University of
Nevada, Las Vegas, Las Vegas, NV, April 2017.
5. Harry, J.R., Eggleston, J.D., Hickman, R.A., Dufek, J.S. (2016). Walking mechanics and
within subject variability between monozygotic twins with autism spectrum disorder. Poster
presentation, Division of Health Sciences Interdisciplinary Research and Scholarship Day,
University of Nevada, Las Vegas, Las Vegas, NV, April 2016.
6. Eggleston, J.D., Harry, J.R., Hickman, R.A., Dufek, J.S. (2016). Evaluation of gait
symmetry in children with autism spectrum disorder. Poster presentation, Division of Health
Sciences Interdisciplinary Research and Scholarship Day, University of Nevada, Las Vegas,
Las Vegas, NV, April 2016.
7. Dufek, J.S., Harry, J.R., Eggleston, J.D., Bates, B.T. (2016). A novel data analysis approach
for identification of performance differences during locomotion. Poster presentation,
Division of Health Sciences Interdisciplinary Research and Scholarship Day, University of
Nevada, Las Vegas, Las Vegas, NV, April 2016.
8. Turner, S., Eggleston, J.D. (2015). Comparison of shear forces in high-top and low-top
basketball shoes during lateral cutting movement. Poster presentation, Undergraduate
Research Conference, Boise State University, Boise, ID.
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9. Nesbitt, D., Szakacs, R., Mireles, A., Eggleston, J.D. (2015). The difference between
genders in ground reaction forces during the back handspring. Poster presentation,
Undergraduate Research Conference, Boise State University, Boise, ID.
Abstracts
1. Hill, R. D., Amstrong, W. J., Stegenga, N. A., Forro, D., Bangert, K., Eggleston, J. D.
(2010). Mechanomyography and H-reflex responses to electrical stimulation. Medicine and
Science in Sport and Exercise, 42(5); S10, 2010.
SCHOLARLY AWARDS & HONORS
1. Graduate College and Graduate & Professional Student Association Annual Research Forum,
Honorable Mention: Influence of a Weighted Backpack and Weighted Vest on Gait
Kinematics in Children with Autism Spectrum Disorder (Eggleston, Flores, Mamauag,
Lidstone, & Dufek), 2017.
2. Interdisciplinary Research and Scholarship Day, Second Place Research Presentation:
Evaluation of Gait Symmetry in Children with Autism Spectrum Disorder (Eggleston, Harry,
Hickman, & Dufek), 2016.
3. Interdisciplinary Research and Scholarship Day, Third Place Research Presentation: A Novel
Data Analysis Approach for Identification of Performance Differences During Locomotion
(Dufek, Harry, Eggleston, & Bates), 2016.
STUDENT MENTORSHIP
Graduate Students
1. Courtney Alley

Master’s Thesis Consultant (2016-2017)

Undergraduate Students
1. Melissa Aure

Undergraduate Student Research, 2017-2018

2. Emily Casale

Undergraduate Student Research, 2017-2018

3. Alicia Hunt

Undergraduate Student Research, 2017-2018

4. Luis Flores

Rebel Research and Mentorship Program, 2016-2017

5. Mieko Mamauag

Rebel Research and Mentorship Program, 2016-2017

6. Derek Nesbit

Undergraduate Student Research, 2015

7. Scott Turner

Undergraduate Student Research, 2015

INVITED PRESENTATIONS
1. Concepts of Linear Kinematics in Human Motion. Presented in KIN 346 – Biomechanics,
University of Nevada, Las Vegas, May 2017.
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2. Utilization of Cranial Remolding Helmets in Children. Presented in KIN 736 –
Biomechanical Applications in Kinesiology, University of Nevada, Las Vegas, September
2015.
PROFESSIONAL SERVICE
Department, College/School, University
2018

Student Representative, UNLV Graduate College, Washington D.C.
Graduate Education Congressional Lobby

2017

Judge, Office of Undergraduate Research, Research Undergrad SLAM,
UNLV

2017

Panelist, Summer Research EXperience Workshop, UNLV

Non-University
2017

Abstract Reviewer, Gait and Clinical Movement Analysis Society Annual
Meeting

2017 – Present

Manuscript Reviewer, Journal of Sport and Health Science

2017 – Present

Manuscript Reviewer, Journal of Autism and Developmental Disorders

Professional Memberships
2015 – Present

Gait and Clinical Motion Analysis Society, Student Member

2015 – Present

American Society of Biomechanics, Student Member

2015 – Present

American College of Sports Medicine, Student Member

Certifications
2017 – 2018

Research Certificate, Graduate College, University of Nevada, Las Vegas,
Las Vegas, NV (in progress)

2016 – 2017

Mentorship Certificate, Graduate College, University of Nevada, Las
Vegas, Las Vegas, NV
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